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~ ing to minimize risk.
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INTRODUCTION AND SUNMAR(

INTRODUCTION

A previous study funded by the Air Force Rocket Peopuln ion Laboratory (AFRPL)

(Ref. 1) investigated solar thermal propulsion concepts for space missions

* requiring high performance. In the solar thermal rocket concept, a single

*! propellant is heated by concentrated solar radiation and exhausted through a

nozzle to produce thrust. A typical system concept with its large solar con-

centrators is shown in Fig. 1.

MIRROR AXIS OF REVOLUTION

MIRROR INFLATABLE 2 REaOD.. ,- • ".'%,. '\ ISl,, EGMET OF P'ARtABOLOID)

INTERIOR MIRROR SUCE MINIMIZES VEHICLE DAMAGE ~ jF jPARABOLOID

FROM MISFOCUSED SOLAR ENERGY

-SOLARCELLSONCONES L PARABOLOIO. " ELLSON CNES J -- THIS PORTION OP CONE

MIRROR SUPPORT WIRE REINFORCED AND
(INFLATABLE CONE) MIRROR COATED Il4SOE

-2M 28(240FY) OAA

Figure 1. Inflatable Cone/Paraboloid Colloctor

The reference study defined system concepts which showed significant advantage
* over typical chemical-powered eyatems in terms of higher specific impulse and

over electric propulsion systems in ter=o of greater thrust capability, which

reduces mission duration. Hlydrogen Was established as the most desirable pro-

pellant. A critical technology area defined from the reference study was the

solar-thermal rocket thruster.
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The objective of this current program was to idontify the most promising

C• solar-thermal rocket absorber/thruster concept, and to design, fabricate and

deliver to AFRPL a small thruster based on the selected concept for subsequent

ground testing.

The program was conducted in four phases.

Phase I: Concept Assessment

Phase I provided the basis for sclocLion of the most promising absorber/thrus-

ter approach and consisted of conceptual description and analysis of various

types of solar thermal rocket thrusters within the context of a nominal pri-

mary propulsion system. Based on the previous study (Ref. 1), a pair of off-

axis collectorL dishes on opposite sides of the absorber/thruster was assumed

(Fig, 1) with @ide entry of the two opposed beams into the absorber. A pro-

jected collector dish area normal to the sun equivalent to 30.48 m (100 foot)

diameter was assumed with a reflectivity of 0.85. Mass flow was varied to

produce specific impulse values from 800 seconds to the maximum value achiev-

able with the concentrator described above and the particular absorberlthrus-

ter concept. The output of this phase was the selection of the most promising

concept within the content of high performance, durability, and technological

feasibility.

Phase 1i: Design

Phase II consisted of detailod design of an absorber/thruster aseembly based

on the most promising concept identified in Phase I and suitable for ground

testing. The output of Phase Il wts a set of drawings and specifications to

enable the subsequent fabrication of a subscale ground test article for

proof-of-principle demonstration. The absorber/thruster design incorporated a

single-beam entry aporature and was scaled to the power and flux distribution

characteristics of the "OnItum--• 6-"-iestetr solar concentrator which was

planned for future testing at AMVPL.

2



•: •;,} •]ae I71: Fabrication

Phase III consisted of fabrication of the test article according to the draw-
nags and specifications developed in Phase II and the delivery of the test

article to AFPPL for inspection and acceptance.

Phase TV: System Safety

Phase IV consisted of a preliminary analysis of system safety for the test

Stiale design. The analysis was perforned during the conduct of the hardware

design and fabrication and was based on sound, practical engineering judgment,

experience, and test data. The objective of this analysis was to minimize
unintentional •atastroph.c failure of the hardware and physical btrm to
personnel.

PROGRAM SUNWARY

The Phase I -onctpt assessment evaluated seven concepts (five primary and two
secondary) which includea botb w.ndo-less and windowed designs involving both
direct and indirect propellsat heating. The f .ve primary concepts evaluated

are illustratedi in Fig. 2.

With the wiadowless beat exchanger cavwty concept, the solar energy ts

absorbed it the eurface of a p-easure vessel wall and transmitted hrough the
wall by conduction to the hydrogen working fluid on the hi,:h-pressure idse.

To the windowed heat exchanger cavity concept, a physical window it provided
to tranvAtt tho solar energy wh!le conts'ndng the hydrogen Sas pressure. The

hydrogen flows into the chambar thr.;uqh a porous liner which is heated by the

solar flux ontering through the window.

In the windowed molecular or particulate absorption concept, the solar flux is
absorbed volumetrically into the working :luid through the addition of opaque
aeedants. The seedant is injected into the "o~king fluid and exhausted with

* it.
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The windowed vortex flow and the rotating bed concepts utilize seedants with
(..i vortexing or mechanical means to eliminate the exhausting of significant

amounts of seedant. Discharge of seedant is undesirable from considerations

of performance loss and contamination of concentrator optics.

Based on the data resulting from the concept evaluations, a comparative rating

was established considering the criteria of:

9 Specific impulse achievable

( Thrust achievable

e Durability

e Complexity

9 Technical risk

0 Relative cost

The highest overall rating was achieved by the windowless heat exchanger cav-

ity concept. This concept, while not the highest in achievable specific
impulse, rated superior in term of minimum complexity, technical risk, and

cost. The windowless heat exchanger cavity concept was selected for design

and fabrication.

Phase II design effort established the basic configuration definition includ-
ing the orientation of the absorber/thruster to the solar flux, the OMniuM-4

solar concentrator characteristics and the size and geometry of the absorber.

Design layout end refinement through 12 individual configuration, provided the

final configuration from which the detailed component drawings were prepared.

The design effort was supported with detailed thermal, stress and performance

analyses, and an evaluation of critical materials and processes, to ensure the

fabricability of the design.

* The design of the solar rocket ground test thruster (Fig. 3) features a heat

exchanger cavity formed by coiled rheni= tubing to which the rhenium thruster

nozzle is attached. The unit is surrounded by radiation shields and insula-

tion to minimize the heat losses. This asseaby is enclosed by a regenerative

cooled vacuum chamber which also serves as the final radiation shield.
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The solar flux enters the absorber through a quartz window. The window is

-• required for ground testing to provide a vacuum even though a windowless con-

cept was selected. Since rhenium oxidizes at fairly low temperatures, testing

in . earth environment requires that the rhanium be contained in an inert or

an evacuated environment (vacuum) which requires that the assembly have a

transparent window. Therefore. the window was considered a test equipment

item. The design provides for minimizing thermal strains and utilizes estab-

lished technology to maintain fabricability.

The projected performance and operating characteristics of the solar rocket

thruster (test article) are suxuarized below:

Absorber:

Efficiency 76.9%

Hydrogen flow 0.000467 kg/sec (0.00103 lb/sec)

Hydrogen temperature (maximum) 2722 K (4900 R)

S ,Thruster:

Chamber pressure 34.5 N/cm2 (50 psia)
Hydrogen flow 0.000467 kg/sec (0.00103 lb/sec)

Hydrog•n temperature 2705 K (4870 R)

Nozzle expansion area ratio 20:1 (801 length)

Delivered specific impulse 7929.7 N sec/kg (W08.6 lbf sec/lb.)

Thrust 3.69 N (0.83 lbf)

As indicated, the projected specific impulse exceeded the program goal of

7845.4 N sec/kg (800 lbf sac/lbm).

Fabrication of the solar rocket thruster components, installation of instru-

mentation and final assembly were accomplished in Phase III. Final leak

checks performed indicated minimal leakage and the assembly was packaged and

delivered to AFRPL. The final assembly Is shown in Fig. 4.

"M 4
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The Phase IV System Safety Analysis was cospletei and is included in this

report.
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PHASE 1, CO0ICRPT ASSISBIT

i~i of' solar thermal absorber/thruster concepts within the context of a nominal=:• , Ph! e Zconsstd of the conceptual conceiptso and5 analysis of varL ;s types

* - primary propulsion system for a space vehicle. The essential interface char-

acteristics between the thruster and the rest of the system were largely

defined by the concentrator mirrors. Previous studies (Ref. 1) Indicated sys-

ten advantages of a pair of off-axis paraboloidal dishes on opposite sides of
the thruster. This approach was assumed for the study. As specified in the

SOW, a projected area normal to the sun equivalent to a 30.48 m (100 foot)

disc was used. A concentrator reflpctivity of 0.85 was also assmed. Hydrogen

was defined as the propellant with selected seedants added as necessary for

*-. solar absorption, depending upon the absorber/thruster concept. A specific

impulse goal equal to or greater than 800 seconds and a life of 1000 hours of

Sthrusting were assumed as specified in the SOW.

The Phase I studies were initiated with an analysis of the incident solar

radiation distribution based in the solar concentrator mirrors defined above.

x,, ( Utilizing these data, the following primary absorber/thrusteor concepts were

evaluated and included both windowed and windowless concepts involving both

.' direct and indirect propellant heatin:

Windowless Heat Exchanger Cavity

Windowed Heat Exchanger ,avity

*,0Windowed Particulate/Molecular Absorbtion (Discharged Seed)

Windowed Vortex Flow (Retained Seed)

Rotating Bed (Retained Seed)

In addition to these primary concepts, three other more complex concepts were

briefly studied.

To support the concept evaluations, preliminary absorber/tb.uster materials

and fabrication assessaents were conducted.

( Utilizing the rsults of the evaluations listed above, the Phase I concept

comparison and selection was completed based on salection criteria established.

to



INCIDENT SOLAR RADIATION DISTRIBUTION

From the solar concentration distributions of the previous solar rocket pro-

"gram (Ref. 1), at 1/8-degree surface angular error, the distribution for a

collector efficiency of 0.85 was established and is presented in Fig. 5 as a

function of the radius ratio (focal plane radius divided by the concentrator

radius). A peak concentration ratio of 12,850 was obtained. An integration

of the concentration ratio curve enabled the determination of the fraction of

accumulated energy shown in Fig. 5. As shown, a radius ratio of epproximately
0.0063 is required to receive 50, of the incident solar radiation. A radius

ratio of 0.0127 is required to receive 500 of the incident solar radiation.

Using the solar constant and a 100-foot diameter solar collector, the concen-

tration ratio versus radius ratio curve ws translated into an incident solar

heat flux versus radius curve presented in Fig. 6. A peak heat flux of 1740.5

watts/cm2  (10.65 Btu/in. 2 second) resulted. The total integrated incident

heat input was 834.1 Rw or 790.7 Btu/secoud. These results were used In the

-t_ U analysis of candidate absorber/thruster concepts which follow.
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WINDOWLESS HEAT EXCHANGER CAVITY CONCEPT

The overall performance of the windowless heat exchanger absorber/thruster

concept, illustrated in F4-. 1, 'is the result of a combination of absorber

cavity performance (radiation intezczpted and cavity efficiency) and the

thruster efficiency. The thruster performance is only a function of the noz-

zle contour" and the nozzle area ratio once the thrust chamber pressure and the

final propellant (hydrogen) teruperature are known. However, the performance

of the absorber cavity is primarily dependent on the size and configuration of

the cavity and its effectiveness in reducing re-radiation losses.

FOCUSED
SOLAR

-RADIATION

I t

HW I EA XCIANGER
CAVITY ,'ABSORBER)

THRUSTER

Figure 7. Windowless Heat Exchanger Cavity
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, Absorber Cavity Performance

Six windowless heat exchanger cavity configurations were evaluated in this

- study and are illustrated in Fig. 8. These configurations were chosen to

encompass both zimple and complex cifigurations. Complex geometric cavity

9configurations may yield ths highest cavity efficiencies but may result in

fabrication difficulty especially with the high temperature materials avail-

able for fabrication. Simple geometric cavity configurations offer easier

fabrication but generally lower cavity efficiencies.

Using the method of analysis presented in Appendix A, the evaluation of the

six windowless heat -exchanger cavity configurations was conducted assuming the

following surface conditions:

Internal wall emissivity: 0.3
Internal wall temperature: 1667 K(3000 R)

.9.' External wall emissivity: 0.05

- External wall temperature: 533 X(960 R)

-- These parGmaters were assumed to provide an overall absorber efficiency for

4'' each conkigu.ation performance comparison. Although the internal and external
wall temperaturee will, in reality, vary dependent on the internal surface

area, cooling approach, and cooling circuit, this initial screening analysis

with representative fixed temperature values was performed to determine which

".. cavity configuration offe-red the highest efficiency potential. Detailed ther-

mal analyses were performed once the preferred cavity configuration was sel-

ected. The total absorber efficiency for each configuration %as determined
for various aperture ares-to-internal surface area ratios (A/a), basic

absorber diameters, ind length-to-aperture radius ratios (8). For the spher-

ical absorber, the length, L, is the diameter of the sphere. For absorber

configurations eorsisting cf a cavity and a disc, the heat absorbed by each

*.• section w-" combined to obtain the total absorber efficiency.

The calculated total absorber efficiencies for the six absorber configurations

are prtesented in Fig. 9 through 11 for thee different absorber diameters.

For a majority of the configurations, an aperture area-to-internal surface

- area ratio (A./AI) of 0.10 was assumed as a representative value in the

15



• ,•((d) LIPPE (a) OPEN-ENDED CYLINDER •

i

* ' 
I -I- -

I", (b) LIPPED CYLINDER

(o")(c) LIPPED CYLINDER/DISC

(f) SPHERICAL/HORN/DISC

ýV. .

Figure 8. Candidate Windowless Cavity Absorber Configurations
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data presented. As shown in Fig. 9 through 11, the sphere/hornt disc absorber

* 7 configuration generally achieved the highest total efficiencies. For the 15.24

cm (6-inch) basic absorber diameter (not including 4d.sc), the lipped cylinder/

disc achieved the second highest efficiency with the lipped cylinder/bIirn

configuration third and the open-ended cylinder a close fourth. The lipped

cone absorber configuration resulted in the lowest efficiency of the six

configurations.

As the basic absorber diameter was increased, the total efficiencies of all

absorber configurations increased and the open-ended cylinder configuration

achieved the second highest total absorber efficiency with the lipped cylin-
der/horn a close third. Although the disc can intercept more of the incoming

solar radiation, it has a high view factor and therefore poor efficiency. In

fact, adding a horn to the lipped cylinder at larger absorber diameters

resulted in higher total efficiencies than adding a disc.

The efficiency of the disc portion of the absorber configurations incorporat-

ing a disc is limited by the surface emissivity. A high emigsivity will

increase the the efficiency of the disc portion and therefore will increase

__ e total absorber efficiency. For this comparative analysis, a surface emis-

sivity of 0.3 was assumed for the cavity interior and the disc. The open-ended

cylinder intercepts more radiation than the lipped cylinder configurations and

results in a higher total absorber efficiency. Also the larger basic absorber

diameters tend to intercept more radiation and as a result achieve higher

total efficiencies.

Total absorber efficiencies exceeding 70% were achieved with the 45.72 cm

(18-inch) sphere/horn/disc and with the open-ended cylinder. At this basic

absorber diameter, the sphere/horn/disc configuration achieved a maximum of 4%

higher efficiency than the open-ended cylinder configuration. The simple geo-

metric configuration of the open-ended cylinder is, however, attractive com-

pared to the more complex configuration of the sphere/horn/disc absorber.

As the cavity length-to-aperture radius ratio (B) is increased for the

sphere/horn/disc for a fixed sphere diameter, the aperture iv being reduced

and, therefore, the amount of radiation intercepted by the sphere/horn portion

( decreases but the radiation intercepted by the disc portion increases. The N.

20



efficiency of the disc portion of this absorber configuration in less than

that of the sphere/horn portion. Therefore, as 6 is increased, the heat

"absorbed by the respective portions of the sphere/horn/disc absorber results

in an optimum total efficiency. The net result for the 30.48 cm (12-inch) and

45.72 cm (18-inch) diameter sphere was that a maximum total absorber effi-

ciency occurred at a B of 3.0 and 3.6, respectively. However the total effi-

ciency variation with B was relatively flat near the maximum efficiency value.

For the open-ended cylinder absorber configuration, a larger B for a fixed
.absorber diameter resulted in a lower cavity view factor and as a result the

total efficiency increased with increase in B.

For the windowless absorber/thruster concept, a 5% lower total absorber effi-

ciency (65% instead of 707) can result in a 7%. lower thrust if the final pro-

pellant temperature is fixed at 2778 K (5000 R) by reducing the propellant

flowrate or a 3.5% lower specific impulse and thrust if the propellant flow-

rate is fixed.

, Since the absorber/thruster concept can require a high-density expensive wall

material due to the high temperatures involved, another important considera-

"tion is the amount of material required for each absorber configuration. The

absorber surface area required to achieve a certain total efficiency would

provide an indication of this trend and was determined as shown in Fig. 12 and

13 for the sphere/horn/disc and the open-ended cylinder absorber configura-

tions. A lower surface area is desirable up to a point. If the absorber sur-

face area is reduced to a condition in which the average cavity heat flux pre-

sents a cooling problem, the surface area is too low.

As shown in Fig. 12 and 13 (30.48 cm or 12-inch basic diameter), the lipped

cone absorber configuration resulted in the lowest surface area but also

resulted in the lowest total absorber efficiency. The surface area of the

lipped cylinder configurations was approximately the same as the open-ended

cylinder; however the open-ended cylinder achieved slightly higher absorber

efficiencies. The sphere/horn/disc absorber configuration wiLi, 1 30.48 cm

(12-inch) disc obtained essentially the same surface area and efficiency as

the open-ended cylinder. For the sphere/horn/disc absorber configuration,

* • increased total absorber efficiency was achieved with increased disc diameter;

21
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however, as shown in Fig. 13 a significant surface area increase was required

(approximately a 70% surface area increase for a 3% efficiency improvement).

This is primarily due to the low efficiency of the annular disc configuration.

Based on the above analyses and considerations of total efficiency, surface

area and fabrication ease, the sphere/horn/disc and open-ended cylinder were
judged the most promising windowless heat exchanger cavity absorber/thruster

concepts and were carried into the following heat transfer and performance

analysis. The larger diameter configurations achieved higher efficiencies,

therefore the analyses were continued on the 30.48 cm (12-inch) and the 45.72

cm (18-inch) assemblies.

Cavity Heat Transfer

Detailed heat transfer analysis of two open-ended cylindrical cavity absorber

configurations were performed to evaluate cooling feasibility (wall tempera-

ture and hydrogen pressure drops). The two absorber configurations (Table 1)

represent two different sizes (30.48 cm/U2-inch diameter and 45.72 cm/18-inch

diameter. The large diameter absorber achieved a higher absorber efficiency

(71.8% compared to 60.8%) and a 0.24% higher delivered specific impulse and an

18.34% higher thrust.

The tube wall and hydrogen bulk temperature distributione for a coiled tube

configuration are showii in Fig. 14 for the 30.48 cm/12-inch diameter absor-

ber. For a hydrogen temperature of approximately 2778 K (5000 R), the radia-

tion side tube wall temperature was aproximately 83 K (150 F) 1in.1h'- than the
fluid temperature. The absorber hydrogen pressure drop for the 246.4 cm

2
(97-inch) tube coil was 241/cm (34.8 psi) as shown in Fig. 15. For 45.72 cm

(18-inch) diameter absorber configuration, the tube wall temperature was 50 K

(90 F) higher than the hydrogen exit temperature and the hydrogen pressure

2
drop was 27.6A/cm (40 psi). The lower temperature differential (Twall

j TbulkT of the larger diameter absorber was due to the lower average heat

flux (larger absorber surface area).

This heat transfer analysis indicated that if the maximum tube wall tempera-

ture was limited to 2778 K (5000 R), hydrogen temperatures of 2694 K (4850 R)
Sto 2728 K (4910 R) can be achieved with hydrogen absorber pressure drops of

• only 24N/cm2 (35 psi).

24



0P- N -0

C C4 C-

-4 00- -

fC L n

0 u

*q. UN LS%
CD NIA A 0 o c

LL.0 P.~

'A A

0-- 0 N

f- -*0 kA - -

U LU

25

U.' I7



o% an 8W m M C4 oCn4

CL,- C f f1 N %

- *.* Lz~t-.--~ 4 ~~y -- -

--4 C

INI

a-k .- 2i 
7- -

c cU .Z

~t o u .- - - - t.to

o .4

0 A

0 *0*

026



1$-. . HYDROGEN STATIC PRESSURE, psla
o a 0 0 0 0 0
ft ,- 0 0% O r.. C

........................................... ...... , ,.... ........ •'........_. . .... . .. '",,
:::::::::::::- : z..czrm.:: ::.=:;r:- .2 ..---..- : ...

0 a

. . . .. r,•- " :" .. . ...
-- -,..i.."'••..........L t".............i

.. . .. . . . .-

if aU-
co

0.0
0

0 9

zY••F STTC .'.•R~ :

cc 0 a 2
Z ?. .J

4fl 0 -. .* Cnw f

r 'a - U

0O0

HYR0E STA I C C.RE /i

I- L-

27i



Thruster Performance

The thruster performance was determined utilizing the simplified JAMIAP proce-

dure (Ref. 2) and included the nozzle geometric or two-dimensional loss, the

boundary layer loss, and the reaction kinetic loss. The nozzle geometric loss

* (two-dimensional loss) is associated with nonaxial flow uniformity at the noz-

zle exit plane. The boundary layer loss accounts for the viscous loss and

boundary layer heat loss encountered in cooling. The reaction kinetic loss

results from changes in pressure and temperature as the high temperature gas

expands through the nozzle and the lag in gas composition in responding the

associated change in equilibrium.

The delivered specific impulse (Fig. 16 and 17) were corputed for a 30.48 cm

(12-inch) diameter open-euded cylinder and a sphere/horn/disc absorber for the

following design conditions:

T = 2778 K (5000 R1H2T 2

SeP = 34.47 V/cm2 (50 psia)

C = 100-to-l

As discussed in the Materials and Fabrication section, the upper temperature

limit for available materials is approximately 2778 K (5000 R) and, therefore,

this value was selected for this concept evaluation. In Ref. 1, the influence

of chnmber pressure (Pc) was investiaated and indicated that the theoretical

specific impulse increase from 50 to 100 psi chamber pressure was not signifl-

cant and, therefore, to reduce the impact of system pressure, a value of 50

psi was chosen.

The thruster performance analysis for the two absorber confýguratlons was per-

formed for a fixed final hydrogen temperature of 2778 K (5000 R) to achieve

the maximum thruster performance within wall material temperature limita-

tions. As shown previously, varying 8 resulted in a varying absorber effi-

ciency that changed the heat absorbed. To maintain the same final hydrogen

temperature, the hydrogen flowrate was varied. This flowrate variation

resulted to a varying thruster size, thrust, and specific impulse.

28
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As shown in Fig. 16, delivered specific impulses exceeding 8530 N sec/k (870

*lbf sec/lb) were achieved. The delivered specific impulse of the open-ended

cylinder and the sphere/horn/dine absorber were approximately the same for

cavity length-to-aperture ratios (B) greater than two. The thrust of these

"windowless abqorber/thrusters is presented in Fig. 17. With two absorbers on

one thruster, a thrust level of approximately 178 N (40 lbf) was obtained.

Although the performance potential of the two concepts was comparable, the

open-ended cylinder concept was judged the more attractive candidate based on

fabrication considerations and was selected for further analysis.

For the open-ended cylinder absorber/thruster configuration, the delivered

specific impulse and thrust variation with B (L/R) and the cylinder diameter

were determined for a final hydrogen temperature of 2778 K (5000 R), a chamber

pressure of 34.47 N/cm2 (50 psia), and a nozZle area ratio of 100-to-i. As

shown in Fig. 18 and 19, the delivered specific impulse and thrust increased
rapidly with increase in 8 until a 8 of approximately 2, then leveled off. As

the cylinder diameter was increased, the amount of heat absorbed increased and

Sfor a fixed final hydrogen temperature the thrust increased (Fig. 19). The

increase thrust reduced the boundary layer and reaction kinetic loss and the

delivered specific impulse increased approximately 1.6 percent.

The influence of the final hydrogen temperature on the delivered specific

impulse and thrust for the open-ended cylinder absorber/thruster configuration
2

are presented in Fig. 20 and 21 for a chamber pressura of 34.47 W/cm (50
puia) and a noz7*.a area ratio of 100-to-i. As expected, as the final hydrogen

temperature was increased fr-mn 1667 K (3000 R) to 2778 K (5000 R), the deliv-

ered specific impulse increased approximately 30% and the thrust decreased

approximately the same amount. From the relationohipo

The delivered specific iculse will increase as the gas temperature ia

increascd. In addition, " the hydrogen dissociates at the higher tempera-

tures, the accoopanying decrease in molecular wieit adds to the rate of spe-

cific impulse increase with temperature.
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From the relationship,

(T

The engine thrust will decrease with increase in temperature and the corre-

sponding decrease in molecular weiSht (Fig. 21). The cavity length-to-aperture

ratio (A or L/R) did not significantly influence tho delivered specific

impulse but the thrust increased with A.

Cavity Absorber Life

* Based on tube material evaluation (presented in the Materials and Fabrication

Assessment), rhenium was determined to be the most promising tube material.

Considering the creep rupture strength of rhenium, the variation of the time

to rupture with temperature was determined for two tube sizes and two internal

tube pressures (34.5 N/cm. (50 psi) and 68.9 II/cm (100 psi). As shown in

SFig. 22, absorber life values in the range of 200 to 500 hours were achieved
near the maximum wall temperature limit of 2777.8 K (5000 R).

Concept Evaluation Suuw

The results of the windowless heat exchanger cavity absorber/thruster concept

evaluation are summarized as follows:

- Absorber Performance >60% efficiency (open-ended cylinder

or sphere/horn/disc)

e Delivered Specific Impulse Up to 7926.6 N sec/kg (870 lbf sec/ibm)

(C a 100)

9 Thrust 89 to 222 1 (20 to 50 lbf)

* Cooling Feasible [T <2777.6 K (5000 R)]
walk

with 24.1 I/cm, (35 psi) pressure drop

using coiled tube approach

9 e Limitation TH12 <2727.6 X (4910 R) (material

temperature limit) [limits I BY
- • * Other Features No seedant

¾! No window
No moving parts
No leakage
So performance loss due to vindov cooling
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Absorber/Thruster Conceptual Desiz&

Based on the open-ended cylindrical absorber/thruster thermal analysis, con-

ceptual designs for the 30.48 cm (12-inch) diameter absorber configuration and

the 45.72 cm (18-inch) diameter absorber configuration were prepared. As shown

in Fig. 23 and 24, both these absorber designs incorporated a amltitube coil

(rhenium tubes). Only one of the two identical absorbers for each absorber/

thruster configuration is shown. The 30.48 ca (12-inch) diameter absorber bad

*I a brazed rhenium disc for the cylinder bottom wb4reas the 45.72 cm (18-inch)

diameter absorber incorporated a hemispherical configuration with a maller

disc which was cooled prior to the main coils. Both designs had a carbon block

housing with a coiled tube discharge to permit-thermal growth.

WINDOWED HEAT EXCHANGER CAVITY CONCEPT

The overall performance characteristics of the windowed heat exchanger cavity

absorber/thruster concepts were determined similarly to that of the windowless

absorber/thruster concepts. The influenEee of the absorber window was deter-

mined and Included in the absorber analysis.

- Configuration Definition

The propellant heating principle of the windowed heat exchanger concept is

similar to that of the windowless heat exchanger concept. However, in the

windowed version (Fig. 25) the heated porous liner is only subjected to a mod-

eat pressure differential, therefore the high temperature material strength

characteristics required will be reduced. Incorporation of the window, how-

ever, adds other problems such as window cooling and energy loss through the

window.

-• Evaluation of the absorber configuration of the windowed concept considered

two absorbers with one thruster as the specified configuration. Two basic

absorber configurations were considered as shown in Fig. 25. Configuration A

incorporates a plate between the two porous liners which would add strength to

the porous liner subassembly and could be contoured to provide a certain

amount of flow control. However, the plate would tend to absorb and reflect

38
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,~. ----- ~PLATE

CONFIGURATION A CONF IGURATION B

Figure 25. Windowead Heat Exchanger Cavity Absorber

radiation which penetrates the liner. The plate is removed in configuration~ B

and the porous liner can be placed so that radiation passing through one inor
is received and absorbed by the backside of the other. This absorber coof igu-

ration is simpler and would improve absorber efficiency.

The porous liner can consist of a random mesh-type strue tut, or a 4sf mned pas-

sage liner (holes). To 6uable quantitative analysis, a def ined passage Liner

was chosen for analysis.

Another absorber geometry variable eval~uated was the distance botween the *In-

dow and the porous liner (fig. 26). If this distance -to tiadow diameter ratio,

M/0D) is greater than one. the majo~iz-!y of the incoming solar radiatio~n Will

be absorbed by the absorber walls and not by the porous liner. For the "3.Jor.-

ity of the incoming radiation to be absorbed by the porwus liner the L/D ratio

should be between 0.5 &and 1.0. For preliminary aiwalysis. a L/D of 1.0 yes

analyted.
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Figure 26. Cavity L/D Influence

Window Analysis

"A variety of window design configurations is possible; three representative

configurations are preseated in 7ie. 27 along with their respective advantages

and disadvantages. The single pane configuration provides the simplest

approach but incurs sn absorber/thruster performance loss due to the required

cooling. In addition, cooling can be difficult at high levelp of reradiation.

The double pane configuration provides additional convective cooling for the

second window which. absorbs the majority of the IR radiation; however, this

approach is a more complex design in terms of fabrication, cooling, and seal-

in&. Also due to engine start loads, the window thickness must be the same as

that cf the single pane configuration.

The hemispherical window configuration is an unique approach providing an
ideal pressure vessel shape towird the high pressure side. A thinner window

thickness results, which reduted the solar and IR absorption and the thermal

gradient. This window configuration, as in all configurations, results in a

performanLa loss due to aooling and is a complez window configuration in terms

of fabrication, mounting and sealing.

Based on a window material evaluation (presented in the Materials and Fabrica-

tion Assessment), sapphire and quartz were the most promising window mate-

rials. Therefore thermal analysis of these two materials were performed. For
a representative window diameter of 20.32 cm (8 inch), the thickness for the

respective window materials was calculated using the relationship.

.9. r t 105r '
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where

SK t a window thickness

r - radius

F a safety factor

p = pressure

M a modulus of rupture

A chamber pressure of 34.5 N/cm 2 (50 psia) and a safety factor of 4 were

used to result in an 0.635 cm (0.25 inch) thickness for the sapphire and 1.524

cm (0.60 inch) for the quartz window. Therefore, although the absorption

coefficient for quartz is a factor of 10 lower, the thicker window and lower

allowable temperature will tend to reduce its low absorption coefficient

advantage.

hAnalysis of the solar rocket absorber/ttruster window involves the following

heat transfer mechanisms: (1) radiation heating from the solar collector with

reflective losses from the window outer -urface, (2) reradiation heating from

the absorber, (3) forced convection coo ing along the window inner surface,

and (4) two-dimenzional condutsion within the window. In addition to the beat

flow mechanism stated, the effect of reflactivity (p) on the incident solar

radiation was incorporated such that the Incident solar flux was modified to:

Incident: qi Q a- A (1 - p)

The thermal model (Fig. 28) consists of 60 oodes, accounts foe these influ-
ences and computes window temeratures for F specified window material, diam-

star, thickness, and eQoling conditlon. The heat transfer surface areas, node

volumes, conductances und incident heat absorbed by each node are internally

computod by the proSram Used on the input window diameter and thicknees.

Material properties and incident heat flqx are provied in tabular form to be

'utilized by the wodel. In additioat t- the window tcaperatures, the program

calculates the ot• tra -ii.aVe flw, Qu , paosins irou• h the window

available for the absorber.

Afiuu & a ,t velocity off appr ately 15.24 u/sec' (50 ft/see) parallel

to tWN'u ,JaL * e.-6ce*, a tools n-ali film coefficient of 0.00581 cal/cm2

so--, x (MW.0Oj..o BtUA 2 040. P) Was cacultd. to be a . ,..-reaentativ.
va~lue.
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Figure 28. Absorber/Thruster Window Thermal Model Nodal Network

The results of the thermal anlaysis for the sapphire window using tho thermal
model described are presented in Fig. 29. To achieve satisfactory window ten-

• peratures with a sapphire window, a coolant-side film coefficient approxi-

mately an order of magnitude higher than the representative value would be

required. This would be difficult , if not impossible, to achieve.

For quartz, only the absorption coefficient versus wave length at -room temper-

ature was available from the vendors contacted. Therefore the thermal analy-

sis was performed for a range of average absorption coefficients using the

calculated coolant-aide film coefficient. As shown in F16. 30, if the room

temperature absorption coefficient of 0.0081 per em (0.0032 per inch) does not

significantly increase with temperature and the coolant-side film coefficient

can be maintained, the quartz window can be easily cooled with mulawn temper-

stures below 589 K (600 F). However, typically, the absorption coefficient
increases slightly with temperature and for a gas cooling jet, the film coef-

ficient will dec~y with the distance away from the injection point.
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Calculations assuming a discrete number of angled hydrogen cooling jets

impinging on the window have indicated that representative coolant-side fiLM

coefficients of 0.07 cal/cm2 sec X (0.0001 Btu/in. 2 sec C) are possible.

To minimize window cooling requirements and to minimize absorber reradiation

losses, the influence of an infrared (IR) reflective coating on the inside

surface of the quartz window (flat disc) was evaluated. An effective IR coat-

ing would reduce the reradiated heat absorbed by the window and reduce the IR

radiation lost through the window. As discussed later, an IR coating reflec-

tivity of 85% was projected using indium tin oxide but more recent vendor con-

tact by AFRPL personnel has indicated an unaccounted for absorption in the

visible wavelength range and the transition wavelength region between trans-

mission and reflection. Therefore, other coating materials need to be

investigated.

As shown in Fig. 31 due to the low radiation source temperature, the windowed

heat exchanger cavity absorber (L/D = 1.0) resulted in a maximum window tea-

"perature below the allowable quartz temperature limit even without an IR

reflectivity coating. Higher cavity surface temperatures may present a prob-

lem, however, and dictate the use of an IR reflertive coating.

The detailed window temperature distributi.in for the 30.48 cm (12 inch) diam-

eter windowed heat exchanger cavity coracept is shown in Fig. 32 for a quartz

window (2.286 cm or 0.9 inch tht.ckness) with 85% IR reflectivity on the

-- internal window surface. The rasulting window temperatures are satisfactory

S• for quartz. As expected, t',e center of the window on the solar radiation

"incident side was the highest temperature point and the internal edge first

exposed to the hydroge:a coolant was the coolest point.

Absorber Cavity F-erformance

As discuss,4 previously, the amount of radiation incident on the porous liner

of the windowed heat exchanger cavity absorber is dependent on the absorber

lentch-to-diameter ratio (LWD). As shown in Fig. 33, the ratio of heat inci-

("ent on the porous liner-to-the total heat fell below 50% for L/D greater than

*., 1.12. Therefore, to obtain maximum benefit of the porous liner, the LID

q should be 1.0 or les.
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The absorber efficiency for the windowed heat exchanger cavity absorber con-

figuration was calculated and compared to the windowless configuration for a

range of L/D. As shown in Fig. 34, the windowed heat exchanger cavity

achieved higher absorber efficiencies for all L/Ds. This improved absorber

performance is due to the reduced cavity reradiation loss as the result of the

window. An IR reflective coating (85% reflectivity) on the inside surface of

the window was assumed. Achieving a solar reflectivity of zero would increase

the absorber efficiency by approximately 5%.

Thruster Performance

A comparison of the resulting thruster performance (delivered specific impulse

and thrust) for the windowless and windowed heat exchanger cavity configura-

tions is presented in Fig. 35 and 36 as a function of the final hydrogen ten-

perature. Thruster performance for the windowtud configuration is shown with

and without window cooling.

The specific impulse of the windowless and the windowed configuration with no
window cooling was very similar. However, adding the window coolant to the

. windowrad configuration (10% fuel flow), which lowered the effective propellant

tmperature, reduced the performance by approximately 250 M sec/kg (25.5 lbf

sec/lba). This concept achieved a higher thrust capability than the previous

windowless beat exchanger cavity concept.

Cong"et Evaluation Suarv

The results of the windowed heat exchanger cavity absorber/thruster concept

evaluation are summarized as follows:

e Window Cooling Single pane quartz with angled cooling

jets for 2777 Z (5000 9) 02 temperature

, Absorber efficiency f651

: e Delivered specific impulse Up to 8336 M sec/kg (850 lbf) sec/lbf

e Thrust 200 to 289 i (45 to 65 lbf)

A o Absorber cooling Similar to windowless concept

e Limitation Porous liner material temperature limit
(TH2AV.G 5S 2667 K (4800 2)

. Other featu-.-es Highest thrust concept

no moving parts
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WINDOWED PARTICULATE ABSORPTION CONCEPT (DISCHARGED SEED)

The overall performance characteristics of the windowed particular/molecular

absorption concept (Fig. 37) were dependent on: (1) the attainablo propellant

temperature, (2) the specific impulse, and (3) window temperature. In evalu-

ating the feasibility of this concept, the magnitude of the achievable propel-
lant temperature is the primary parameter to be determined. The final gas

temperature is achieved through heat transfer from the particle to the gas.

In order to attain the desired high temporature level, the total incoming heat

flux and the particle selection are both critical.

ljý Absorption Media Selection

The particle selection is dependent upon its emissivity, melting point temper-

ature, and the density. The carbon particle which has the highest emissivity

and lowest density, was selected as a baseline particle although other parti-

dcls were evaluated. The influence of carbon concentration on specific

.' impulse at various gas/particle mixtures is shown in Fig. 38.

iIA ~ FOCUSED
RADIATION

'-.5 iSEEDANT/GAS
MIXER

*• Figure 37. Windowed Molecular or Particulate Concept (Discharged Seod)
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The influence of particle density and particle radius on percent heat absorbed

for a given particle mass fraction is presented in Fig. 39. The higher density

particles resulted in significantly lower heat absorption. In addition, for

"- . the discharged seed absorber/thruster concept, the higher density particles
will tend to reduce the delivered specific impulse due to a higher effective

molecular waight. The influence of particle radiation scattering on total

_- particulate absorptivity is illustrated in Fig. 39. The absorptivity for a

given particle concentration decreased for snall particle sizes due to

scattering.

•, The percent heat absorption for four candidate particles (carbon, hafnium car-

bide, tantalum carbide, and tungsten) are shown in Fig. 40 for a 0.2 Um par-

ticle radius (near optimum). The advantage of carbon particles is clearly

shown with the other particles resulting in approx.4mately 1/6 the heat

ab- rption.

Another important consideration is the temperature at which significant reac-

tion occurs with hydrogen or the reaction rate of the hydrogen/particle mix-

ture. Carbon will tend to react with hydrogen at lower temperatures than with

the other particles.

For the particulate absorption concept (discharged seed), carbon particles

would be the obvious choice if the particle/ras mixture could be heated to

3333 to 3889 K (6000 to 7000 R) in approximately 40 milliseconds without sig-

nificant reaction. For the additional, concept analysis, carbon was selected

as the particle material.

In addition to the particle material, size, concentration, anA- thruster geoA-

•, .etry, the propellant flowrate is another critical issue in determining the

perticle and propellant temperature profile along the thruster. Since the
. time increment during which tha particles and propellant are exposed to the

radiation field depends on the total flowrate, a higher flowrate causes both

the particle and propellant ta flow faster and reduces the exposure time in

"radiation field. As shown in Fig. 41, the total mass flowrate of 0.00238 Kg/

_ .%% sec (0.00525 lbm/sec) re-ults in 778 K (1400 F); higher temperature than the

mass flowrate of 0.00556 Kg/ýec (0.01226 Ibm/sec) for a 7.48 cm (3.14 inch)

chamber length.
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Absorption Analysis

The complex transient flow, solar radiation absorption, and heating problem

was analyzed using a disc model (Fig. 42) which simulates one slice of propel-

lant and absorbing media.. The seedant and the main propellant (H2 ) are

lumped into two thermal modes. As the disc flows from near the window to the

thruster throat, the seedant absorbs solar radiation and the seedant, in turn,

radiates heat to the wall and the cooled window and also conducts heat to the

hydrogen. The heated hydrogen transfers heat to the absorber wall through

convection. The model performs this complex transient heat balance as the

disc flows toward the thruster throat. The decay in incoming solar radiation

and the decreased reradiation to the window as the disc moves away from the

window are also modeled.

-- Chamber wall

--- •', ". \r--, coi

,ConJection

Lumped H2
Node

Window \ g

I Cond tion

Lumped
Seedant
Node

R.dit 1on

_j-- Chamber wo I

Figure 42. Transient Particulate/&olecular Absorption Thermal Model

"t The evaluation of the windowed particulate absorption concept indicated that a

high-carbon concentration was favorable to achieve efficient solar radiation

absorption. Because of this tendency, the local mr'adiation within each
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incremental slice of the particle/gas media is primarily from adjacent parti-

cles that are close to the same temperature. Therefore, the particle-to-

particle radiation heat transfer rate is small compared to the total heat

transfer rate. The incorporation of the particle-to-particle radiation may

result in a more rapid initial rise in hydrogen temperature than that shown in

Fig. 41, but the final gas temperature (total heat) would essentially be the

same.

As discussed previously, the influence of optical scattering caused by the

particle was considered in this model.

Analyses were performed to evaluate the influences of carbon mass fraction,

particle size and absorption chamber size to define the concept feasibility

and its design configuration.

Carbon Particle Mass Fraction. The carbon particle mass fraction is one of

the critical issues in evaluating the potential of particulate/molecular
absorption absorber/thruster concept. A high carbon mass fraction provides

- high propellant temperatures required to increase specific impulse but tends

to decrease specific impulse due to the higher molecular weight carbon added.

In evaluating the mass fraction of the carbon particle, certain mechanisms

have to be determined: (I) the total length of the absorber zcne, (2) the

radius of the absorption chamber, (3) the fraction of the total absorbed radi-

ation heat, and (4) the carbon particle size. Generally, the minimum carbon

particle size is selected to minimize the reradiation heat loss and maximize

the heat dissipation to the main propellant. Due to the resonance phenowena

of the Hie scattering, the minimum carbon particle size is confined at about

0.2 um radius. Once the minimum particle size is determined, the carbon

particle concentration can be computed for various particle sizes using the

relationship below without having the resonance vibration condition:

N N " •
-In -
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where N a particle concentration

L = total absorber length

Qi = total absorbed radiation heat

Qo a total incoming radiation heat

5 extinction coefficient per particle

The extinction coefficient per particle for carbon, which is determined

experimentally, is presented in generalized form in Fig. 43. As shown, the

ratio of extinction coefficient per particle to the particle radius is mch

larger at the small particle radius and this indicates that the temperature of

the particle is higher at the smaller particle sine.

The carbon particle mass fraction can be incorporated with the particle con-

centration as:

I- (N) R3)

whr• e R a particle radius

Up a carbon graphite density

propellantdest

Sdo

p2 -desit

AL MATRIAL "
10~ ALMIN oioer,

A IL 0 0 TWNGSMT

REGION OF RALEIGH4C
$CATTAlkO1. EN A5

lo -' I... . . I . I , I , , I , I ,

-15 14 13~ o" 1 2  o 1 1  01 0 ~ ~ 1 -10- 10-" 10-3 to-' to-" to• 10-9 1o-8 10-7

EWTICTION COEFFICIENT PER PART1CL.. 4 IN

Figure 43. Carboni Extinction Coefficient
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: , •K Figure 44 presents the carbon mass fraction as a function of carbon particle

radius, with the percentage of total radiation heat absorbed as a parameter

for a 10 cm (3.94 inch) absorption length. The curves show that as the parti-

cle radius increases, the carbon mass fraction increases for a same equivalent

absorbed heat. For a selected particle radius, the curves also indicate that

a higher mass fraction is required in order to absorb more of the incoming

solar radiation. Therefore to achieve 70% or greater heat absorption by the

carbon particles, carbon mass fractions exceeding 40. are required.

Particulate Injection M~ethods. Two approaches for particulate injection were

evaluated and are illustrated in Fig. 45. Approach (a) provides for hydrogen

window cooling and injects the particle/gas mixture just downstream from the

window. Approach (b) provides the same window cooling, incorporates a second

hydrogen injection station just downstream of the window and injects the

particle/gas mixture approximately 2 inches downstream from the window.

"Approach (b) results in lower reradiation losses due to a reduced cavity view

factor and therefore, improved absorber and thruster performance. The result-

ing axial temperature profiles for the particle/gas mixture of approach (b)

are presented in Fig. 46 for three representative total flowrates for a carbon

mass fraction of 24% and a 30.48 cm (12 inch) absorber diameter. The final

propellant temperature as a function of the propellant mass flowrate is shown

in Fig. 47.

Window Cooling. Analysis of window cooling similar to that discussed earlier

for the heat exchanger cavity absorber was performed for the particulate/

molecular absorption concept. As shown in Fig. 48, evaluation of the double

* pane and hemispherical window configurations for the particulate absorption

concept indicated significant reductions in maximmzs window tezperatures. The

7.• thinner hemispherical window resulted in the lowest window temperature of

927.8 K (1210 F), which is satisfactory for quart:. This was accomplished
with an 85% IR reflectivity.
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a/ aNe Wo Par ticle Injection 1(b) Particle
(a)Nea WidowParice Ijecion(b)Donatresa Particle Inj ection

_ ' ?Figure 45. Particulate Absorption Injection Approaches

Seedant Deposition on the Solar Collectors. F'or solar collectors of the eon-
figuration shown in Fig. 49 (Ref. 1) which are inflated, the deposition of
seed on the collectors would not be critical since the conical portion from
the absorber to the collector is an internally mirrored surface to produce a
light funnel. Therefore, external seed deposition would not appreciably

influence the collector operation for the collector/eagine position illus-

trated. Xf the collectors are turned 90 degrees with res"ect to the engine

line of thrust, the transparent portions of the inflated cone may be subject

to carbon deposition.

For a rigid collector configuration (not inflated), the edge of the collector

surface would be approxirately on a 45-degre. line out frm tho absorber. As

shown by the general inviscid and viscous nozzle pluass (Fig. 50 end 51). the

plume without a hydrogen nozzle exit shroud gas would impinge on the collec-

tor. Therefore, if the condensed seed particles are on the order of one
micron, the particles would behave like the gas and impinge and deposit on the

collectors.
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-MIRROR AXIS OF REVOLUTION

,MIRROR INFLATABLE 2 REO'D
\(SEGMENT OF PARABOLOID)

INTERIOR MIRROR SURFACE MINIMIZES VEHICLE DMG ~ x 4JF .PRBLI

-FROM MtSFOCIJSED SOLAR ENERGY___- ___

.!-SOLAR CELLS ON CONES -'.THIS PORTPARABOLOID•<•.. /•I"T:.::"IN THIS AREA/ :
-" .MIRRORSUPORT WIRE REINFORCED AND
(INLATBL CONE MIRROR COATED INIDlE

-,258M(240 FT) OIA) 6~

Figure 49. Inflatable Cone/Paraboloid Collector

Analysis of carbon particle trajectory and the influence of a clean, pure

hydro-an nozzle exit shroud gas was attempted but computer program difficul-

ties prevented completion. However, qualitatively the core flow (contains

particizs) and the shroud gas (pure hydrogen) will eventually mix and most

likely particle deposition, although less, will occur with the rigid solar

collector configuration.

~ Thruster Performance

The delivered specific impulse (Fig. 52) and thrust (Fig. 53) for the particu-

late absorption concept were determined as a function of the propellant tem-

perature for various amounts of hydrogen shroud gas. The shroud gas perfor-

fmance loss was computed assuming this gas was injected at the nozzle exit with

a total temperature of 2777.8 K (5000 R). The delivered specific impulse was

significantly higher than the previous two concepts even with the shroud gas

losa due to the higher effective propellant temperatures achievable.

71



'U

2

* . . - * . C
-1'

'4

AN

C .*% .�'
.. 4 9 9 4

� ',0

C','
'02. �

"4'

'0
.4

0'
0�

Co

I4
Ir*4 'p.

a
*��'*'%J H

A

U.S

a
$43

0
C','

72



-4

C

r%.
0%

0

N,

N 4J
cc
0

I;
fr4�

U

'.4

0 0 0 Li
'I.' -

-a

N

hi'
V.

73

I



o ~ ~ ~ c %a 0 0 0o M '0% . 0ý c0 0 07

00 w

P-4 -n

W.8

ca

- CLI

.4 0

.. 0

km

744



-A0 00 %D N 0 00 %0 C-4N
s'. P ~ N C4 N CI N - ,- .- 4 .-

to
0

J-11

mU

0

0 I

0 .)4

Aj 0

I-.4 00

wn .6 w

w0

4~1 co.
I.0

AQ
La

0.

44

753



Conc_. t Evaluation Summary

The results of the windowed particulate/molecular absorption concept evalua-

tion are summarized as follows:

* Window cooling Marginal with single pane quartz with TR reflec-

tive coating and angled cooling jets

Lowest temperature with hemispherical window

0 Seedant Carbon particles (highest Is potential with
minim= concentration)

• Absorber Efficiency 70% direct solar radiation absorption + heat
exchange and minimum IR radiation loss

"" Delivered Specific Up to 9494 N sec/Kg (968 lbf sec/lbm)
Impulse

* Thrust Approximately 62.3 N (14 lbf) at 3889 K (7000 R)
(with 10% shroud coolant)

* Absorber/Thruster Regenerative cooling using rhenium tubes
Cooling ('rW= ! 2644 K (4300 F)

• Limitation Rapid heating of carbon particles without sig-
nificant reaction (-40 milliseconds)

* Other features No moving parts

WINDOWSD VORTEX FLOW CONCEPT EVALUATION (RETUINED SEED)

The evaluation of the Windowed Vortex Flow concept, illustrated in Fig. 54,

concentrated on analysis of the vortex flow to establish the design param-

eters. The basic approach to the analysis was to apply the theory and experi-

mental data which have been well established in conjunction with cyclone sepa-

rators, while noting that the requirement of the small particle size, O.5m

for carryover (or escape), and the significant heatup of the gas phase do not

permit direct extension of a present separator design practice. Preliminary

analysis was made based on the existing model and the assumption of isothermal
gas phase in the chamber and was refined by accounting for the change of vor-

tex structure associated with density reduction. The model was structured to

datermine the performance in terms of size-graded separation probability

allowing parametric variation of inputing key design parameters, such as

length, diameter of the chamber, size and number of inlets, and diameter of

gas phase exhaust port.
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Figure 54. Windowed Vortex Flow Concept (Retained Seed)

The vortex chamber configuration evaluated in the parametric study (illus-

trated in Fig. 55) included variation of chamber diameter (inside) from

"20.32 cm (8 inches) to 40.64 cm (16 inches) and effective chamber length from

40.64 cm (16 inches) to 91.44 cm (36 inches). ,te chamber exit (to thruster)

size was selected at 4.32 cm (1.7 inch) diameter to induce a maxim3um rota-

tional velocity at the vortex core at approximately 1.52 ca (0.6 inch) radial

position from the axis of symmetry which approximately corresponds to the

equilibrium position for 0.5M m diameter particle size with 50% chance of

retention.

Two tangential inlets to th. vortex chamber (0.64 by 5.08 cm or 0.25 by 2-inch

slot) were convidered. The results of this parametric study indicated sub-

stantial loss of carbon particles in the submicron size range and only a minor

difference of the retention capability for chamber design variations consid-

ered. A typical analysis result is presented in Fig. 55. This design study

limited the vortex chamber flow pressure drop to approximately 0.17 N/cm2

(0.25 paid). For the smaller carbon particle size (approximately 0.5 um

diameter) desired for efficient radiation absorption, approximately 30?. of the

particles would escape the vortex chamber.
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The carbon seedant retention capability of the vortex flow concept was evalu-
ated further by considering two additional cases of reduced diameter of the

vortex chamber exit. With the inlets and overall chamber size unchanged f or

practical consideration, the chamber exit size is the only parameter that can

change the rotational velocity at the vortex core.

The computation, assumed isothermal gas phase (at 833 K, 1500 R), and was made

for exit diainters of 0.5- and 1-inch, which represented a significant reduc-

tion from 1.7-inch conided previously. Two significant points resulted

from analysis:

1. The peak velocity at the vortex core, bounded by free vortc region

and the forced vortex region (or, solid body-like rotation), showed

only small increase in either case (the momentum of the rotating gas

at the core region suffers further dissipation due to a steeper

forced vortex region rendering effectively little change to the

velocity for narrower vortex core diameter)

2. As a result, seedant retention capability showed insignificant

improvement, thus still representing nea ly 30? cumulative loss of

the submicroscopic particles.

It was concluded that the vorteu flow concept is inherently limited for the

present application and no further analysis was conducted.

In addition, f•om a practical application standpoint, the vortex flow concept

lacks an effective means for preventing massive seedant escape during to

start and shutdown transients of the absorber chamber. This difficulty can be

best overcome by a rAatin3 fluidized bed concept in which the high pressure

gas (unheated) provides the energy to turn the absorber cylinder and the seed-

ant constituting the bed material is kept within the absorber during the tran-

siants by discharging the gas to ambient, bypassing the absorber section. This

approach wa evaluated as the rotating bed concept presented in the following

section.
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ROTATING ME CONCEPT (RETAINED SEED)

The evaluation of the rotating bad concept, illustrated in Fig. 56, considered

the following areas: drive method, window cooling, seedant and bed behavior,

thruster thermal conditions and overall concept performance. in addition, a

conceptual design was completed.

I FOCUSED
SOLAR
RADIATION

SEEDANT

WINDOVI

BEARING ROTATING SEAL.

POROUS FRIT

Figure 56. Rotatiag Bed Coucept Retained Seed

-~ Riotating. 81d Drive

Three candidate rotating bed drive approaches evaluated are presented ia

Fig. 57 along with respective advantages and disadvantages of each approach~.

The first approach incorpoLatus a turbiue drive Waich utilizes the available

so
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heated hydrogen flow. This approach is simple but may result in a relatively

slow engine start and speed control response. The speed control is maintained

by bypassing hydrogen flow away from the turbine and directly to the porous

cylinder. Due to the turbine pressure ratio, a higher inlet hydrogen pressure

will be required with this approach.

In the second drive approach, the porous cylinder becomes the rotor of an

electric motor through the incorporation of permanent magnets. This approach

provides a rapid start with electronic speed control and would reduce the

inlet hydrogen pressure. However it does require an external power supply and

due to the incorporation of the magnets within the porous cylinder, the flow

uniformity through the cylinder would be questionable. Also unlike conven-

tional electric motors, the magnets will be subjected to the 835 K (1500 F)

temperature environment.

The third drive approach was a geared mechanical drive utilizing an external

electric motor. The problems envisioned with this approach were the Sear life

and sealing of the gears from the absorber.

From this qualitative evaluation of the three drive approaches, the hydrogen

turbine approach was selected for further evaluation.

Window- Coo!in

Window coolin. analyses were performed for tho rotating bed concept uetng the

three candidate window coafigurations as sNuw in Fig. 58. Result* of the

analysis are shown in Fig. 59 through 61. The hemispherical and double pane

window configuretions resulted in approxieteoly the same lwksat window tem-

peratures but as shown In Table 2. the hemispherical configuration achieved

significantly 'Lower axial te erature differentials which would reduce the=-al

strains. The resulting window teump-eratures for this window concept were mar-

ginal. Even increasing the window coolant to 20% of the total hydrogen flow

resulted in a marginal cooled condition with inum temparatures of 1168 K

(1643 P). However the analysis approach used was aoeew_±at conservative in
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that a constant IR reflectivity was assumed independent of the IR source tem-

perature. In reality, a high IR source temperature will result in a majority

of the radiation at a lower effective wave length and therefore less IR

absorption.

Seedant Evaluation

_ýe 6 The basic approach of the rotating bed concept In to continually heat the par-

ticles, which in turn heat the hydrogen by extracting heat from the heated

particles. The long term exposure of the particles to high temperatures may
... .preclude the use of carbon particles. Chemical reaction of carbon with hydro-

A gen generally form hydrocarbon gases which would significantly reduce the

solar radiation absorbing characteristics. However carbide particles such as

tantalum carbide and hafnium carbide will tend to form solid hydride coatings

on the particle surface which would tend to slow further chemical reactions.

Therefore, for the rotating bed concept, the more nonreactive particles such

as tantalum carbide would be preferred.

Particle Bed Analysis

The cylindrical configuration of the rotating bed solar radiation absorption

surface results in the capture of only a portion of the incoming radiation.

The remainder of the solar radiation passes through to the cylinder bottom

which suet act as a heat exchanger. The influence of the amount of energy

absorbed by the particle bed is shown in Fig. 62 as a function of the absorber

length-to-diameter ratio CWD). For the 1.5 L/D ratio desired for bed fluid

dynamics, 72.5% of incoming energy is absorbed by the particle bed.

The basic philosophy in the rotating bed fluid dynamics was to operate the

particle bed in a regime between where the bed surface becomes fluidized and

the midbed point is fluidized. This approach retains a packed bed mode for

"the majority of the bed adjacent to the cylinder wall to provide an insulative

layer of particles to protect the porous cylinder wall. The resulting bed
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speed for carbon and tantalum carbide particles is shown in Pig. 63. The tan-

talum carbide particles only required approximately 1/3 the rotation speed due

"to their higher density. As the hydrogen flowrate is reduced (reduced radial

velocity), the bed rotational speed is reduced.

The calculation of the rotational speed of the porous cylinder involved an

iterative analytical procedure using the Galileo number and the particle

Reynold's number. The basic criterion in the analysis was to balance the

forces on the innermost particles to prevent loss of particles. The forces

balanced were the radially outward centripetal force on the particles created

by the rotation and the radially inward force caused by the incoming hydrcgen

flow. The influence of void fraction, geometry, hydrogen temperature, and

pressure were included in determining the radially inward force. The hydrogen
temperature variation through the bed was approximated by an overall thermal

analysis and by assuming a linear gradient through the bed.

"The in-bed pressure gradient was computed using the standard Ergun relation-

ship (Ref. 3) for large particle sizes (>500mm) and the Carwan-Kozony rela-

tionship (Ref. 4) for smaller particles and laminar flow, As shown in Fig. 64,

both relationships resulted in approximately the seam pressure gradient.

A regenerative cooling analysis of the thruster indicated that the hydrogen

entering the porous cylinder was approximately 1089 K (1500 F). Tharefore,

tho bearings and seals associated with the rotating porous cylinder would be

subject to this thermal environment. An overall bed thermal analysis revealed

that bad exit hydrogen temperatures approaching 3889 K (7000 R) were theoret-

ically attainable.

"Thruster Thermal Analyses

3' The theral analysis of the rotating bed concept thruster was performed for a

f inal hydrogen teeperature oft 3889 K (7000 R) and a l00-to-l nozzle area

ratio. A conventional tapered tube thrust chamber was analyzed in which the

axial rhenium tube array would be welded or brazed into a tubular assembly.
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S A tubular thrust chamber will have tubes filling the entire circumference of

the thrust chamber, as illustrated in Fig. 65. To accomplish this at each

axial location with a varying internal diameter, a varying tube diameter

(tapered tube) is required. The axial tube diameter variation is shown in

Fig. 65 and the resulting axial temperature and pressure distributions are

presented in Fig. 66 and 67, respectively. The maximum wail temperature of

2667 K (4340 F) occurred near the thruster sonic point and the thruster

coolant pressure drop was only 11 Nl/cm2 (16 psi).

Thruster Performance

The thruster-d-livered specific impulse and thruct variat5n wVith hydrogen

temperature and percent window cooling are shown in Fig. 68 and 69, respec-

tively. At a hydrogen temperature of 4.819 K (7000 R). the rotating bed absor-

ber/thruster achieved a delivered secific impulse of 10591 V sec1kg (1080 lbf

sec/lbm) with 201 window cooling and a thrust of approximately 67 9 (15 lbf).

This spherfic icoulse performance was the highest of at! concepts evaluated.

SConcept EvaluatioU S•u•ar"

.4.-. The resulti of thn rotating bed concept evaluation are -su =-arize4 a4 follows:

- Window Cooling sarginal with hemispherl.l window
-.Zf vindow coolant)

. Seedant 100 = diamater carbon (if feasibLe).
tantalum carbide or h-iinium carbide

,.Essentilly 100IM particle retntioh during
"ainstage

SAbsorber Efficieay 73%, direct solar radiation absaorvtio
plus heat xthieu and zmiai-ra IR
radiation la2

e Delivered Specific -. pulse Up to 10,S91 S ;ealkg (1080 Ibf to,'ibV)

-a Thrust Approximately 66.7 9 (15 ibM) at 3889 K

" Absorber/Thruster Cooling Regensr.tive coolins using rhnui= tubes.
Tw,,, 266.7 K (4340 F)
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* Limitation Window cooling
Rotatin Bed Operation

Bearing life

. Other Features No discharged seed during mainstage

Relatively low absorber wall temperature

Conceptual Desitn

Utilizing the preceding analysis results, a conceptual design of the rotating

bed concept was prepared (Fig. 70),for a 30.48 cm (12-inch) diameter absorber

and with two absorbers feeding one thruster. The main propellant, hydrogen,

first cools the thruster entering at the nozzle exit and after the thruster

splitp and cools the absorber-to-thruster transition tube and the cylinder

end. This heated hydrogen flow is then split for each absorber between the

turbine inl-t and the downstream porous cylinder inlet. The magnitude of this

fow split is de,ýendcnt on the flow required to maintain a constant speed for

the rotating bed and is controlled by the turbine bypass valve.

PAFRTICULATE
FEED

RO04 ATING MECHANISM

POOU

•', "THRUSTER

,*00

DIA

Fi~uLe 70. Rotating Bed Absorption Concept
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"The particulate food mechanism (Fig. 71) provides the initial charge of parti-

cles and any subsequent make-up particles. The system transports the particles

pneumatically using a portion of the hydrogen flow. Gently curved passages

(Fig. 70) are provided in the particulate feed system to prevent local buildup

of particles.

TANK INTERFACE

PARTICULATE FEED VALVE

VALVE •FACE/WINDOW

COOLANT VALVE
PARTICULATE

PNEUMATIC MAIN
--RANSPOR T PROPELLANT
VALVE -VALVE

• PARTICULATE
-- '•'-•FEED AEMLY

0"SOLAR
WINDOW

ABSPARTICULATE
JINJECTION

CAVITY . COOLANT

-- [.• ;•PROPELLANT

S•,TURBINE
6• %1 1BYPASS

"VVALVE

•'-• THRUSTER

* •

Figure 71. Rotating Bed Absorption Concept Schematic

100



Although a conventional sleeve bearing arrangement Is illustrated in Fig. 70,

the foil bearings shown in Fig. 72 offer the most promising bearing approach

since this type of bearing has been tested in a 978 K (1300 F) temperature

environment. The foil bearing consists of a series of compliant foil segments

attached to the stationary housing and are cooled and lubricated by the bydro-

gen flow.

ADDITIONAL ADVANCED ABSORBER/THRUSTER CONCEPTS

In the process of evaluating the AFRPL-identified absorber/thruster concepts,

other advanced concepts were identified that could potentially solve technical

difficulties associated with the current concepts. The difficulties addressed

were (1) solid window cooling; (2) excessive cavity reradiation; and (3) high-

temperature rotating components. These identified advanced absorber/thruster

concepts were not evaluated in detail and will require further analytical

evaluation to verify their potential advantages.

Stationary Porous Cylinder

In the process of evaluating the rotating bed concept and the windowed heat

exchanger cavity concept, a rather simple approach was defined which replaces

the rotating porous cylinder and particle bed with a stationary porous cylin-

der. The solar radiation heats the porous cylinder and the hydrogen is heated

as it flows through the porous cylinder. For this concept, the maximum hydro-

gen temperature achieved would be dependent on the porous cylinder material

temperature limit. A porous carbon-carbon composite cylinder could be treated

to form a carbide coating (such as tantalum carbide) to possibly withstand

temperatures approaching 3889 K (7000 R).

Reduced IR Radiation View Factor

The marginal window cooling difficulty encountered with the high performance

. potential windowed absorber/thruster concepts led to the reduced IR radiation

view factor configurations shown in Fig. 73 which can be utilized for a vari-

ety of windowed concepts. The approach, using a 90-degree bend with a

specular reflector, would reduce the diffuse IR reradiation from the high-

"A temperature particle/gas mixture and yet not influence the incoming solar

V> , radiation. The reduction of this diffuse emittor/window view factor permits a
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Cooled Reflector

FEATURES

- Reduced IR Radiation to Window

- Tncrea~ed Propellant Temperature

-Possibly Reduced Particulate Mass
Fraction for Particulate Absorp-
tion Concept

*Requires a Cooled Reflector

Particulate Rotating Bed
Absorption Version

Version

Figure. 73. Reduced IR Radiation View Factor Configurations

110

"So

" "Lo

'._\

•:!i--- '• _• ....103-



ell

window temperature reduction and increases the absorber thermal efficiency

over an equivalent length straight absorber configuration.

The implementation of this advanced concept requires the added component of a

cooled reflector. The cooling of the reflector is necessary in order to main-

tain the reflector's structural integrity in a high-temperature environment.

However, the advantages offered by this concept of reducing window tempera-

tures and increasing absorber efficiency are significant.

Aero Window/Absorption

Another potential approach to alleviate the window cooling difficulty is to

utilize an aerodynamic window. Nozzles are used to provide supersonic flow

across the window opening and the flow of the nozzles is received and diffused

in the absorption chamber. The aerodynamic window has been successfully used

in laser systems and typically has 5 to 10% leakage flows. Aerodynamic window

flow leakage losses become proportional to the opening size of the window

aperture, which in turn is related to solar beam focusing ability. Based on

developing laser technology, the reduction in the aperture to a minimum can be

accomplished by providing the incoming beam focal point at the window aperture

plane through the utilization of a secondary reflector, as shown conceptually

in Fig. 74. The focusing of the solar radiation is limited to overall concen-

tration ratios of 40,000 to 50,000, which leads to an approximate aerodynamic

window-to-thruster throat diameter ratio of 50 to I for currently envisioned

"thruster chamber pressures. The resulting aerodynamic window still may be too
S large to provide a reasonable design. Therefore, although the aerodynamic

window may solve the window cooling difficulty with advanced concepts, a

detail analysis of aerodynamic window flow leakages and trades of lower cham-

ber pressure need to be performed to assess the overall feasibility of this

concept. This approach can be applied to any of the windowed absorber/thruster

concepts.

Also, elimination of the solid window and its associated difficulties can make

this approach potentially applicable to other advanced energy beam propulsion
V• concepts having extremely high propellant temperatures.
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0 Not Limited Due to Window Cooling

,,NDR I* Applicable to all Windowed Approaches
=• .... a... LiCONOANY

RIFICTON *Particulate Absorption

* Rotating Bed

* Stationary. Porous Cylinder

• Potential Application to Extremely HighPropellant Temperature Propulsion Concepts
tID .e Added Components

Aerodynamic Wno
- Replaces Solid Window

* Supersonic Flow Nozzle

- Creates Supersonic Flow for
Aerodynamic Window

AI-OYNA€ Cooled Secondary Mirror
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The disadvantage of this concept is the increased complexity created by the

added components (aerodynamic window, supersonic flow nozzle, and the cooled

secondary mirror). Also obviously with these added components, added technol-

ogy unknowns exist.

Concept Evaluation SummarX

The results of the stationary porous cylinder and the aero-window advanced

concepts are summarized as follows:

Stationary Porous Cylinder Concept

e Window Cooling Marginal with hemispherical window (IR

reflectivity coating with angled cool-

ing jets)

e Absorber Efficiency Similar to rotating bed concept

o Delivered Specific Impulse Up to 10385V sec/kg(1059 lbf sec/lbm)

• Thrust Approximately 71N(16 lbf) at 3778 K

(6800 R)

e Limitation Window cooling

Porous cylinder material (chemical

reaction with H., temperature)

e Other Features No moving parts

No seedant required

Relatively low absorber wall temserature

Aerowindow/AbsorotojConeet

* Potential High Is

Application to other modes of beamed

energy propulsion

o Limitation Reradiation

Aerodynamic window flow loss

0 Other Features No solid window

No moving parts
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MATERIALS AND FABRICATION ASSESSMEN

The high operating temperatures of the absorber/thruster concepts evaluated

(> 5000 R) required specific assessment of possible materials and feri-

"cation techniques which could be utilized. Two areas requiring special atten-

tion were window and absorbe:/thruster wall materials and fabrication.

Window Materials

A sumary of pertinent material properties for candidate absorber/thruster

window materials are presented in Table 3. D.sirable window proper-ties are

high transmittance, low absorption coefficient, high amlting temperature, high

modulus of rupture, and high thermal conducti-Sty. Typically a high transmit-

tance and a low absorption coefficient go together and will minimize the heas

absorbed by the window and reduce the wiaidow cooling requiremnts. A high

modulus of rupture reduces the window thickness required to withstand t, given

pressure differential and this reduced thickness will reduce the window heat

"absorption. A high melting temperature typically permits a higher allowable

operational temperature, and a higher thermal conductivity improves the efftc-

tiveness of the cooling and reduces the thermal gradients.

The fluoride materials, which are primarily used for laser windows, are highly

transaissive in ultraviolet' wavelength range clthough the high transmissive

characteristics may extend into the visible solar range. As shown in Table 3,

all the fluorides have lower uelting temperatures &nd lower otrengthe then

either quartz or sapphire. Barium fluoride (Ba? 2 ) and calcium fluoride

(OaF 2 ) begin to soften at temperatures considerably below their melting

points, approximately 833 X (1500 2) for ac alcius fluoride and 811 K (1460 H)

for barium fluoride. Lithium fluoride has the lowest melting temperature of

the window material candidates.

S Sapphire (Al 20 3) has the highest melting temsperature and modulus of rup-

ture; however it also has a high average absorption coefficient over the wave-
length range of interest. Quartz CSiO ) has the second highest molting

2
temperature, a relatively low average absorption coefficient, and the secocd
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highest modulus of rupture. Therefore based on this evaluation of window

materials, sapphire and quartz appear to be the most promising window mate-

rials with quartz the preferred material.

"As discussed earlier, an IR reflective coating of Indium tin oxide coating on

the inner window surface is an attractive approach to reduce energy losses WW

reduce window heating. Several vendors contacted indicated the feasibility of

applying the coating and a realistic effectiveness IR reflectivity of 85%.

The IR reflectivity is a function of coating thickness and is dependent on

thickness uniformity. Kore recent vendor contacts by AFRPL personnel resulted

in aditional Indium tin, oxide data that indicated an unaccounted-for absorp-

tion in the visible wavelength range and the transition wavelength region

between transmission and reflection. Therefore, although a highly IR ref lec-

tive coating shows promise, other coating materials need to be evaluated.

Absorber/Thruster Wall Haterial!

Material requirements for this application are that the material be capable of

withstanding tem~peratures up to 2778 K (5000 R) with sufficient strength, be

compatible with hydrogen. and be fabricable. The first requirement eliminates

all but a few refractory metals and a few carbon-based materials. There are

four elements with melting points above 3056 K (5500 R): tungsten, tantalum,

rhenium, and carbon. Tungsten has the highest melting temperature (3683 K or

6630 R) of any metal and is not susceptible to hydrogen mbrittlement and is

the most resistant to hydrogen permeation. !ungsten-rbhenium alloy also has

similar characteristics. The primary disadvantage of tungsten and its alloys

is the difficulty of fabricating components. Tungsten can be welded but

undergoes recrystallization during weldio& and loses ductility. Therefore,

component fabrication and joining presents a major problem with tungsten.

u Carbon and rhenium have the next highest melting teWperature (greater than

"3667 K or 6600 R and 3450 K or 6210 R, respectively). Rhenium has similar

high-temperature strength characteristics to tungsten and is ductile at room

temperature and also ductile after welding. Carbon-carbon composite presents

an attractive wall material with excellent high-temperature strength charac-

teristics, but does require a protective layer for use with hydrogen.
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Tantalum has a maiting temperature (3269 K or 5885 R) less than those of

rhenium and c"rbon, and has -ignificantly lower ultimate tensile and creep

strengths.

Therefore, of the refractory metals, rhenium is the most logical wall material

candidata and in addition a carbon-carbon composite with a high temperature

"carbide coatirg for the carbon-based material is an attractive candidate.

Rhenium. Since rhenium is a metal, it offers many advantages over carbon.

Rnenium is very ductile and can be machined and formed by standard techniques.

It can be brazed and welded. Because rhenium has a high melting point 3458 K

_.(6224 R) hnd a close-packed structure, it is expected to be very resistant to

the permeation of hydrogen. Though rhenium has a lower tensile strength than

carbon--crbon composites at 2778 K (5000 R), its strength is adequate for cur-

reutly considered configurations. Using representative rhenium tube samples,

leak and .,voof tests have been conducted at room temperature and elevated tem-

peratures approaching 2778 K (5000 R). No noticeable leaks were encountered.

Also rheiium tube samples were Joined using a welded sleeve with excellent

results. hin~ref ore, f rom a f abrication standpoint., current technology is suf -

ficient to build a rheaium absorber/thruster.

Carbon-Carbon Composite. At 2778 K (5000 R) carbon-carbon composite is

probably the highest strength material available. This material is light-

weight and Gasily machined. However, since carbon-carbon composites are

porous, a permeation-resistant coating is required. Carbide coatings can be

deposited by chemical vapor deposition but the small coolant passages required

in the absorber/ithruster would be very difficult to cooia uniformly. In addi-

tion the absorber/thruster would require the joinisn, of several carbon-carbon

composite pieces. The joining of composites can be accomplished with an

adhesive, threads, or a combination of the two. The bonding adhesive is

;:7•' typically a carbon pitch or a pliable graphite material. As with most adhe-

sive bonds, the bond joint is weaker than the material and the strength of

such a bond at 2778 K (5000 R) is questionable.

AI
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The material cost per pound is comparable for rhenium and earbon-carbon eom-

posite; both typically are in excess of $1000/pound. However, the coating and

Joining of the carbon results in an absorber/thruster approximately twice the

cost of a comparable rhenium unit.

High temperature hydrogen compatibility tests with carbon-carbon composites

revealed the existence of a significant carbon-hydrogen reaction. This indi-

cates that a carbon-carbon composite absorber/thruster would require a surface

coating to retard the carbon-hydrogen reaction and to provide a hydrogen seal.

Therefore, rhenium was recommended for the near term application and carbon-
carbon composite as a potential future material pending on the success of

sealing internal passages, the carbon-hydrogen reaction, and high temperature

carbon-carbon composite joints.

CONCEPT COMPARISON AND SELECTION

Based on the results of the previous concept evaluations for a flight configu-

ration, some general conclusions were reached and are summarized in Table 4.

"Specific impulse performance and thrust varied over a range for the concepts

evaluated. Cooling of the absorber, window, and thruster appeared feasible

with proper design and selection of materials. Rhenium appeared the best

-iear-term choice of material for the absorber/thruster while carbon-carbon

composites with a high temperature carbide costing appeared at.trztctive for the

future. Quartz with an Indium tin oxide IR reflective coating appeared the

best choice for window material,

'For each of the candidate absorber/thruster concepts, the technology unknowns

were defined as shown in Table S. The windowless heat exchanger cavity con-

capt had the least niumber of unknowns and the aerowindow/absorption and rotat-

.- inS bed concepts had the largest number of unknow-as.
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TABLE 4. PHASE I, GOEME , CONCLUSIONS

SOLAR RADIATION ABSORBER

* EFFICIENCY

>60% ARE ACHIEVABLE

* COOLING

FEASIBLE WITH COILED TUBE CONFIGURATION

REGENERATIVE

REASONABLE COOLING PRESSURE DROP

WINDOW

* COOLING

HEATING DUE TO A COMBINATION OF INCOMING SOLAR
RADIATION AND INTERNAL IR RADIATION

HEMISPHERICAL WINDOW ACHIEVED LOWEST TEMPERATURE

MAJORITY OF CONCEPTS WERE FEASIBLE WITH IR
"REFLECTIVE COATING

"THRUSTER

* DELIVERED SPECIFIC IMPULSE: 850 TO 1100 LBF SEC/LBN FOR c 100

* THRUST: 62.4 TO 266.7 N SEC/KG (14 TO 60 LBF)

* COOLING

UNCOOLED RHENIUM FOR TPROP * 2778 K (5000 R)

REGENERATIVE WITH RHENIUM FOR T > 3611 K (6500 R)V t

A comparison of the delivered specific impulse and thrust (for space applica-

* :t.tion) versus achievable propellant temperature of the four primary absorber/

.. thruster concepts are shown in Fig. 75. The rotating bed concept achieved the

highest delivered specific impulse due to the higher achievable propellant

temperature without the loss of seedant. Figure 76 shows the respective per-

f ormante losses. An interesting fact shown in this figure is that for the

*): cconcepts involving the higher propellant temperatures, the largest individual

parformance loss was the reaction kinetic loss. Therefore, efforts to reduce

this loss could possibly net a significant performance improvement.
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In the comparison of the seven candidate absorbev/thruster concepts, the par-

samters compared were:

1. Achievable propellant temperature

2. Delivered specific impulse

3. Thrust

4. maximum heat flux

5. Maximum absorber/thruster wall temperature
VA 6. Maximm window temperature

These pertinent parameters were tabulated for the highest propellant tempera-

ture condition for each concept and are presented in Table 6.

The highest propellant temperatures were achieved by the seeded windowed con-

cepts and the aerowindow/absorption concept. These same concepts achieved the

highest delivered specific impulse and the lowest thrust level. The lowest

heat flux was experienced by the windowless heat exchanger cavity concept. The

absorber/thruster wall temperatures were all approximately the same varying

from 2533 K (4100 F) to 2778 K (4540 F).

These same parameters were transformed into a comparative rating with the max-

iz i heat flux and wall temperature data formulating a durability rating.

Concept complexity, technical risk, and relative cost were added to complete

the overall rating criteria and were based on the concept configuration and

technology unknowns previously discussed. As shown in Table 7, the combined

specific impulse, thrust, durability rating resulted in the two heat exchanger

cavity concepts having the highest ratings. In adding complexity, technical

V risk, and relative cost ratings the highest overall rating was achieved by the

windowless heat exehanger cavity absorber/thruster. Therefore. for the test

hardware, the design and fabrication of this concept was reconudnded.

The windowless 'heat exchanger cavity concept (Fig. 77) represented the most

viable near-term concept and can provide hardware flexibility through the con-

version to other windowed concepts as shown in Fig. 78 (windowed heat

exchanger cavity) and Fig. 79 (stationary porous cylinder).

116

V.•



co %-1
V) r1 N-u -T~a 142

cn~ N 0 ,-I4 ýqvi ;

Flp-i iI

o vi

cozf -IO %T %0CI 0%
M~ f* 4.%

m 0 in 1..4 ý4 i.O0

4t12

U) %0 m~- -r N0 a
m0 cl.' 0- It4 ) -' ý A

coo ()o NO N1 .co11 ooin r M

vi vi

1-4 000NN0

.q V, .4.)

C132

M- I- i- m'00

-01 , I - -;I

1171



INN

V4. E-4C. u

- -

co
E-4 fA W% '0

oc 00 r

:9 e
E- Ln N a%

00 o N0

0 -4

1.4 14 -'(

0-4

118

4.



AAT
M EO

"Figure 77. Windowless Heat Exchanger
Cavity Absorber/Thruster
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Figure 78. Conversion to Windowed Heat Exchanger
Cavity Wth Porous Liner
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TH"TER I.*OW
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Figure 79. Conversion to Windowed Absorber/Thruster
With Stationary Porous Cylinder

In addition, continued advanced absorber/thruster technology was recomended

to further evaluate concepts which potentially offer the highest delivered

specific impulses. Technology recomended was primarily related to specific

component analysis and experimental testing to answer technology unknowns and

provide confidence to develop a complete absorber/thruster system. The com-

ponents included the window, porous cylinder, rotating b*d, aerodynamic win-

-_ dow, and secondary reflectors.
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PHASE II, ABSORBER/THRUSTER DESIGN

As a result of the Phase I studies, an absorber/thruster concept was selected

for detailed design. The concept selected was the windowless heat exchanger

cavity absorber/thruster.

In Phase II, the design effort, together with all suppnrting analyses, was

performed to provide specifications and drawings for subsequent fabrication of

a subscale absorber/thruster ground test article. By dofinition, the design

was to have a single-beam entry aperture which was scaled to the power ant

flux distribution characteristics of the Oinium-G 6-meter-diameter solar con-

centrator. The Omnium-G was the solar collector designated for testing of the

". absorber/thruster ground test article by the Air Force Rocket Propulsion Lab-

oratory at the time of the study, however, later it was decided that other

N "collectors will be used for testing.

Design philosophies consistent with the proof of principle requirement were

incorporated into the ground test article configuration.

The effort was initiated with a definition of the absorber/thruster configura-

tion followed by design layout and detail design. Concurrent supporting

efforts included thermal, stress, material and fabrication processes, and per-

formance analyses.

CONFIGURATION DEFINITION

To accomplish the detailed analysis and design of the selected concept, sev-

oral absorber/thruster configuration definition areas were resolved: These

areas included:

1. Solar flux/thruster orientation

2. Omnium-G solar concentrator characteristics

3. Absorber geometry and size determination based on efficiency

* The analysis results of each of these areas follow.
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Solar Flux/Thruster Orientation

An absorber/thruster configuration having the thruster in line with the incas-

ing solar radiation (instead of oriented 90 degrees with respect to the incom-

ing radiant energy) was evaluated for possible benefits (Fig. 80) The In-

line thruster configuration offers some distinct advantages which include:

1. Minimum solar radiation blockage. The 90-degree orientation with a

diffuser/ejector could result in partial radiant energy blockage

caused by the diffuser/ejector pipe

2. Minimizea thruster thermal radiatic" to uncooled components. The

in-line thruster configuration permits the radiation shield to be

extended and surround the thruster and absorber. This also could be

accomplished in the 90-degree thruster configuration but would con-

plicate the radiation shield design

IN-LINE THRUSTER
. , -" OR tENTATIO*4

-" 90-DEGREE THRUSTER OSSRBER•,•': ORI1ENTAT ION

SL

Figure 80. Thruster Orientatiov
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•q ) The 90-degree thruster orientation also was briefly evaluated to determine

design complications and benefits of incorporating this thruster configuration

into the solar absorber and regenerative-cooled radiation shield design

"approach. From an absorber/thruster design and fabrication standpoint, only

added complications were found when compared to the in-line thruster configu-

ration and these included:

1. Added design and fabrication complexity to the regenerative-cooled

radiation shield

2. A separate thruster nozzle exit joint cooling circuit would be

required

3. Increased design and fabrication for the incorporation of the

uncooled radiation shields

Based on the results listed above, the configuration with thruster centerline

in-line with the incoming solar flux provided a simpler absorber/thruster

"design. Therefore, since the 90-degree orientation did not offer any signifi-

cant test operational advantrges and introduced additional design complica-

tions, the in-line thruster configuration was selected for the ground test

hardware.

.1
Ominium-G Solar Concentrator

The 0nium-G concentrator design paraweters are shown in Table 8. The focal
N. 4plawo heat f lux density and the resulting power distribution as a function of

0ý. radius were plotted in Fig. 81 and 82. These data are only advertised concen-

trator characteristics, which was the only data available at the time of the

study. These data provide the radiant solar energy input to enable the deter-

minatior, of absorber *ffic~ency. The peak heat flux was 1160 watts/co2

2
(7.1 Btu/in. sec) which is, of course, located on the centerline. As showm

in Fig. 82. I0GM of the incoming solar neaer- is intercepted with a radius .f
5.4 cc (2.13 inches).
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TABLE 8. OHNIU-G REFLECTOR

DIAMETER 6 METERS (236.2 INCHES)

FOCAL LENGTH 4 METERS (1575 INCHES)

CENTRAL OBSTRUCTION DIAMETER 1 METER (39.4 INCHES)

MAXIMUM POWER OUTPUT 24.7 kW (23.42 Btu/SEC)

RADIUS, IN

0 0.5 1.0 1.5 2.0

'A 1200-
24.7 KW NET POWER 7
AT 979 WATTS/CM2

SOLAR FLUX

1000
6

800

.4.34

600

3

400

200

0L 0

0 1 2 . - 5 6

RADIUS. 0t

Figure 81. Otwium-G Focal Plane Heat Flux Distribution
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Figure 82. Oinnium&-G Focal Plane Power Distribution



Absorber Geometry

To define an absorber cavity size achieving a high absorber total efficiency,

a relatively simple thermal model tailored after the Phase I model was uti-

lized. The model determined the total absorber efficiency for a given open-

ended cylinder geometry considering the incoming intercepted radiant heat,

heat absorbed, and the heat radiated out of the cylinder opening. The total

absorber efficiency is defined as the heat absorbed divided by the total col-

lector solar energy output.

Based on the heet flux distribution, the test hardware aboorber size effici-

ency trends were analyzed using the simplified thermal model. As shown by the

4 results presented in Fig. 83 and 84, the optimum absorber radius was between

3.56 cm (1.4 inches) and •..06 cm (1.6 inches). This influence is the result

of the tradeoff of the larger radii intercepting more of the incoming radia-

tion and the larger radii cavity losing more beat due to reradiation. To

ensure optimum heat absorption and some dimensional tolerance for the test
hardware, a radius of 4.06 cm (1.6 inches) was selected. Uting this absorber

radius, some low heat flux radiation will impinge on portions of the absorber

external surfaces. These exposed surfaces are to be kept to a ainimum in

designing the absorber.

For all absorber radii analyzed, longer cylinder lengths resulted in higher

absorber efficiencies. However, the rate of efficiency increase with

increased length-to-diamete*r ratio decreased slightly for L/D greater than
2.5. Therefore, a cylinder length of 20.32 ca (8 inches) was chosen for the

test hardware absorber which was predicted to achieve a total absorber effici-

"ency of 721. The geometry is illustrated in Fig. 85.
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!1 /8 IN

3.2 IN

CYLINDRICAL CAVITY WITH
A HEMISPHERICAL ENCLOSED END

Figure 85. Test Hardware Absorber Geometry and Size
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DESIGN LAYOUT AND DETAILED DESIGN

* *The absorber/thruster basic design features a cavity heat exchanger formed by

coiled rhenium tubing with a thruster. The unit is surrounded by a number of

heat shields designed to reduce the radiatior heat losses from the absorber/

thruster assembly. The absorber coil is encased in a rhenium coatee graphite

case which in turn is surrounded by a series of radiation shieldi and an

insulation layer. This assembly is enclose by a regeneratively-cooled %racuum

chamber shell which serves as the final radiation shield. The solar flux

enters the absorber through a quartz window (the window completes the vacuum

* chamber vessel). A window is required for ground testing to provide a vacuum

even though a windowless concept was selected. Since rhenium oxidizes in air

at fairly low temperatures, testing in an earth environment requires that the

rhenium be contained in an inert or an evacuated environment (vacuum) which

requires that the assembly have a transparent window. Therefore the window is

considered a test equipment item. The design provides for minimization of

thermal strains and utilizes state-of-the-art technology to maintain

fabricability.

Design layout refinement through 1"! individual configurations provided the
final design layout from which the detailed component drawings were prepared.

Design Layouts

The initial design layout of the test hardware for the in-line thruster con-

figuration is presen ýed in rig. 86. The absorber is a cylindrical cavity with

a hemispherical enclosed end formed by coiling five tubes in parallel. A

cooled carbon plug is used to fill the hole in the enclosed end which is left

' due to tta minimum bend radius limitation on the rhenium tube of app;oximately

0.762 cr. (0.2 in.). The coiled tube assembly was enclosed in a carbon shell

which vas in turn contained in a hydrogen cooled radiation shield.
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Figure 86. Solar Absorber/Thruster Experimental Layout

As shown in Fig. 86, the in-line thruster configuration provided a rather

simple design completely enclosing the absorber and thruster within the

regenerative-cooled radiation shield. Also this configuration provided an

effective approach to cooling the nozzle exit-to-vacuum enclosure joint. In

this design the radiation shield assembly becomes the vacuum enclosure and

-* houses the window. To maintain the thruster region of the radiation shield at

a reasonable temperature, a series of h-'h temperature, uncooled cylindrical

shields could be placed around the thruster to provide a staged radiation

shield approach.

The thermal analysis, which was conducted in parallel with the design effort

(discussed in a later section), indicated the need for a series of intermed-

. late radiation shields between the carbon shell and the regenerative-cooled

radiation shield. The modified configuration of Fig. 87 shows four Intermed-

late radiation shields plus a sandwiched insulation layer (aluminum oxide)

around the absorber carbon shell to minimize heat losses.

* .
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Figure.87. Modified Absorber/Thruster Design Layout

Figure 87 incorporates the following additional mnodifications: (1) a radia-

tion shield around the absorber-to-thruster propellant lines again to minimize

heat losses, (2) a coiled inlet propellant feed line to reduce strain due to

thermal growth, (3) an expansion gap in the forward end (near the window) of

the absorber carbon shell to permit minimum restrained thermal growth of the

2~. absorber coil, and (4) a carbon shell retainer ring at the forward end of the

carbon shell.

As discussed later in. the thermal analysis section, the heat loss from the

five propellant line. from Lhe absorber to the thruster directly influences

the final hydrogen temperature achieved in the thruster, and therefore the

delivered specific impulse. A design effort was undertaken to minimize this

line length to reduce this heat loss. The resulting final absorber/ thruster

design layout is shown in Fig. 88. The carbon plug, carbon ring stabilizer,

and the carbon ring set retainer were modified to shorten the line length.
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Also, the long coiled inlet propellant line to the thruster was eliminated in

favor of short lines to reduce the absolute magnitude of thermal growth.

Also, a split aluminum oxide insulation disk was added to the backplate to

further minimize heat losses. A comparison of Fig. 87 and 88 distinctly illu-

strates the reduced line length.

Additional final iterations of the ground test absorber/thruster layout were

completed and incorporated into the final layout drawing shown in Fig. 88.

Modifications made included: (1) ir-reasing the diameter of the backplate

insulation to the diameter of the cylindrical shield/insulation package, (2)

modifying the front retainer ring (absorber inlet insulation) to consist of

six pieces (to prevent cracking) which are held in place by a metal rfng and

metal radiation shields, (3) the coolant passage in regenerative-cooled back-

plate is formed by a spiraling coolant channel, (4) the flange thickness on

the regenerative-cooled cylinder was increased to ensure structure integrity,

and (5) ports for the vacuum/purge and the thermocouples were incorporated.

Final Configuration Material Selections. A Phase II design review resulted in

finalization of material selection in several critical areas.

"Graphite Components. All the graphite components of the absorber/thruster

assembly were changed from ATJ graphite to fine grained POCO graphite. The

change was made to more closely match the thermal expansion coefficient of the

- graphite with that of the rhenium coating. POCO graphite has a significantly

lower expansion coefficient than ATJ graphite.

Thruster Radiation Shield. Since the maximum shield temperature was close

to the melting temperature of TZ•, tantalum was substituted.

Vacuum Chamber Backplate Assembly. To increase the material strength at

the elevated temperatures predicted, Incoloy 903 was substituted for the

430 CRES. Also, Incoloy 903 provides a closer match to rhenium in terms of

the thermal expansion coefficient. The rhenium thruster is brazed to the

backplate.
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th: Backplate Insulation. To increase the high temperature characteristics of

the backplate insulation, a stabilized zirconium oxide was selected to replace-••iithe Kullfrax material. Zirconium oxide has a 833 X (1500 F) higher maximuo

• use temperature than X/ullfrax.

Hydraulic Circuit. The propellant/coolant circuit it shown in Fig. 89. The

=p. hydrogen enters the vacuum chamber regenerative circuit at the window end of
the absorber and exits the vacuum chamber at the far end of the chamber where

a transfer line carries the hydrogen into the outer perimeter of the vacuum

chamber back plate. The hydrogen exits the back plate through a five-tube

a•nifold since the solar absorber is a five-parallel-tube heat exchanger. The

hydrogen flows through the five tubes which pass through a graphite absorber
plug (the hydrogen is used to cool the plug). Having passed through the plug,

the hydrogen is carried to the inlet end of the absorber and is then spiraled

back toward the graphite plug through the five-parallel-wrapped tube system.
The five parallel tubes are fincaly terminated in the thruster head cap so

that the hydrogen can then be discharged through a conventional convergent/

divergent nozzle after having been heated in the absorber.

VACUUM
CYLINDER

BASE

SA ,

•i THRUST MIE

N• PC i"i

I N-• 
H2

Figure 89. Hydraulic Circuit Schematic
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Detailed D.esuign

The assembly (Fig. 90 and 91) consists of an integral solar absorber and

thruster. The absorber is a coiled rhenium tube subassemoly and the thruster

is rhenium converging/diverging nozzle. As shown isometrically in Fig. 92,

this basic assembly is surrounded by various heat shields designed to reduce

the radiation heat losses from the absorber/ thruster assembly. The absorber

.4% " is encased in rhenium coated graphite, which in turn is encased in various

refractory (metallic and non-metallic) materials. The entire system is then

\- enclosed in a regeneratively cooled vacuum chamber. A complete drawing list

is shown in Table 9.

The absorber tWbing and thruster utilize chemically vapor deposited (CVD)

rhenium material. Jumper lines (Incoloy 903 material) are furnace-brazed to

the rhenium tubes. The use of the jumper lines was necessitated by the

requirements to attach the rhenium absorber tubes to the Incoloy 903 material

backplate. The difference between the coefficients of expansion of the

Incoloy 903 and the rhenium mater-i created a problem which was solved by

joining the rhenium to the Incoloy 903 in a thin wall configuration.

The vacuum chamber incorporat.-s a double wall construction (Fig. 92), which

allows the hydrogen propellan to flow f "om the absorber inlet end to the

vacuum chamber backplate end, 'hus reeoverin• a majority of the heat being

radiated from the various intern,' insu.att i.-.s The f low path in the jacket

is spiral, similar to L"n backpiate fbi; path. The propellant passes from the

vacuum chamber body to the vacuum chamber backplate via a crossover line. The

hydrogen inlet end of the vacuum chamber is estimated to operate at 403 V

(266 F) . This teeratCPt Wtll Increase along the wall toward the back. such

thlat tho back end of U. vacuin chamber will operate at 811 K (1000 M). In

addition to the axial temerature gradient in the chamber wall, there is also

-- •.-, a temperature gradient between the inner and the outer vall of the chamber.

An extensive stress anal ysis was conducted of the induced thermal stresses in

the structure. The -esult of this analysis was the selection of the inner and

the outer wall thic" asses to balance out the stresses to an acceptable level.
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TABLE 9.* SOLAR ROCKET DRAWINGS

DRAWING NUMBER TITLE

AP82-067 FINAL ASSEMBLY SOLAR ROCKET

-202 GRAPHITE PLUG ASSEMBLY, SOLAR ROCKET
-203 GRAPHITE NUT ASSEMBLY, SOLAR ROCKET

-204 GRAPHITE BASEPLATE ASSEMBLY, SOLAR ROCKET

-205 GRAPHITE CASE, SOLAR ROCKET

-216, 218 VACUUM CHAMBER CYLINDER ASSEMBLY, SOLAR ROCKET
-335 RADIATION SHIELD, SOLAR ROCKET

-336 ABSORBER INLET INSULATION RETAINER, SOLAR ROCKET
N -337 ABSORBER INLET INSULATION ASSEMBLY, SOLAR ROCKET

-338 THRUST SHIELD, SOLAR ROCKET

-339 BASEPLATE INSULATION ASSEMBLY. SOLAR ROCKET

-340 ABSORBER/THRUSTER ASSEMBLY, SOLAR ROCKET
-349 VACUUM CHAMBER BACKPLATE ASSEMBLY

-391 MOUNTING ADAPTER, SOLAn ROCKET

-393 BOLT RING ASSEMBLY, SOLAR ROCKET

-409 STUO/WASHER ASSEMBLY, SOLAR ROCKET

-419 CROSSOVER PROPELLANT LINE, SOLAR ROCKET

AP83-090 SOLAR ABSORBER P/T ASSEMBLY

-352 ADAPTER RING

-258 ASSEMBLY CRADLE

AP84-029 INCOLOY 903 ADAPTER LINE

-046 SECONDARY (BASEPLATE) INSULATION
-057 SPLIT NUT INSTALLATION TOOL

-096 PLEXIGLAS COVER

-103 CHAMBER-PRESSURE EXTENSION. SOLAR ROCKET

-107 CHAMBER-PRESSURE TUBE SHIELD
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-.'• The vacuum chamber backplate (Fig. 92) is fabricated from two plates of Inco-

loy 903 material, which has a thermal expansion approximately mid-way between
rhenium and stainless steel at the hardware operating temperature. The back-
plate is essentially a double wall structure thrnugh which the hydrogen pro-

pellant spirals from the outer perimeter to the inner perimeter, where it is
discharged into a fivehole absorber tube manifold. The backplate is estimated

to operate at a temperature of 1000 K (1350 F) at the furnace braze joint
between the rhenium thruster and the adapter ring. The selection of Incoloy

903 material was to reduce the thermal stress between the thruster and the

backplate by matching the thermal expansion of the two parts as close as

practical.

The vacuum chamber backplate is insulated with rigidized zirconium oxide

board. The primary insulation (the insulation next to the backplate) is a

two-piece assembly held to the backplate by six tungster, nut/screw/washer
assemblies. The secondary insulation (the basic purpose of which is to insu-

late the Incoloy 903 material jumper line braze joint to the rhenium tubes) is
- held to the primary insulation by tungsten-rhenium staples. The secondary

insulation is a six-segment assembly Slots are cut in both the primary and
the secondary insulation for thermocouple routing through the backplate.

The rhenium tube coil absorber is surrounded by a rhenium coated graphite case

as shown in Fig. 90 and 92. The graphite forms the first radiation thermal
barrier around the absorber. The rhenium coating serves two purposes. The

first purpose is to prevent the formation of rhenium carbide between the

graphite and the absorber tube material. The second purpose is to prevent the
sublimation of the graphite (which is oporating at a high temperature in a

vacuum). The maximum expected temperature of the graphite is approximately

2533 K (4100 F). Slots are machined into the graphite case to provide (Fig.

90) the tunnels through which the thermocouples exit the graphite envelope
rI" surrounding the absorber.
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As shown in the assembly drawing, Fig. 90 and the isometric drawing in Fig.

92, the rhenium coated graphite case is surrounded by a radiation heat shield,

consisting of six refractory tubes and one cast insulator. From the inner

diameter to the uuter diameter, the layers are: Tungsten 0.051 cm (0.020 in.)

thick, tungsten 0.025 cm (0.010 in.) thick, molybdenum 0.025 cm (0.010 in.)

thick, molybdenum 0.051 cm (0.020 inch) thick, molybdenum 0.025 cm (0.010 in.)

thick, Alfrax BI go. 57 2.69 cm (1.057 in.) thick, and molybdenum 0.025 cm

(0.010 in.) thick. The effect of the radiation shield is to drop the tempera-

ture approximately 30% at the cold end (absorber inlet) to approximately 46%

at the hot end (thruster end).

As shown in Fig. 90, the hemispherical end of the absorber is closed out with

a split graphite plug. The relatively cool hydrogen, 894 K (1150 F), coming

from the backplate through the five parallel tubes is passed through the split

plug in order to keep the temperature of the graphite within limits. The split

graphite plug is backed up by a split graphite base and a split graphite nut

is used to hold the assembly of graphite together.

The absorber inlet face area (Fig. 90) is insulated by a six-segment ring of

Mulfrax 202. The segmentation of the ring is dictated by the temperature gra-

dient through the Mulfrax. The ring dovetails into the radiation shield (with

the Alfrax), however, standoffs have been cast into the Ihulfrax to limit the

amount of heat conduction into the Alfrax. The Mulfrax ring is held in place

by a stainless steel retainer.

The thruster (Fig. 90 and 92), is surrounded by a tantalum heat shield (of

split construction). The shield is expected to operate at 2376 K (3800 F).
The heat shield is held between the graphite baseplate and the graphite nut.

The other end of the heat shield is retained by the backplate insulation. The

retention of the thruster heat shield in the backplate insulation is part of

the support system for the absorber/graphite assembly. The six legs on the

graphite case form a backup support system.
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To reduce radiation to the thermocouple sheathing, rhenium foil strips were

placed between the rhenium tubes of the absorber and the thermocouples (Fig.

91). Each strip has two radial tabs cut into the strip and these tabs are

wrapped around the thermocouple sheathing so that they remain in position.
The axial placement of the thermocouples on the absorber are shown in Fig. 90.

THERMAL ANALYSIS

Thermal analyses were completed to determine overall absorber/chamber heat
input/output characteristics with resulting performance and on individual com-

ponent areas to establish their thermal behavior. Eight localized regions

were analyzed as illustrated in Fig. 93.

Special detailed thermal models were developed for the complex interrelation-

ships such as between the absorber and window and between the carbon shell and

radiation shields. The analysis results established a feasible design, accept-

able absorber/thruster temperatures, reasonable pressure drop and maximized

performance.

Absorber Cooling Analysis

A regenerative-cooling analysis was performed for five different coiled rhen-

ium tube absorber designs with selected absorber dimensions. The five designs
consisted of three, four, five, six and seven tubes. The rhenium tube size

was selected based on previous weld joint and minimum tube bend radii evalua-
0 tions. The tube had the following dimensions:

Outside tube diameter': 0.304 dm (0.12 inch)

inside tube diameter -0.254 cm (010 inch)

Wall thickness : 0.0254 cm (0.01 inch)

The basic absorber dimensions were the same for each case with a cylindrical

'-I' length of 20.32 cm (8 inches) and a diameter 8.3 cm (3.2 inches).
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The coolant pressure drop results for the five absorber designs are presented

in Table 10. The three- and four-tube designs result6d in high coolant pres-

sure drops and although the six- and seven-tube designs greatly reduced the

coolant pressure drop, the increased number of tubes would complicate the

coiling of the tubes. Therefore, the five-tube design was selected as a com-

promise in minimizing the coolant pressure drop and minimizing the number of

tubes to ease fabrication.

TABLE 10. RESULTS OF COIL-TUBE PROPELLANT FLOW AT DIFFERENT CONFIGURATIONS
(TUBE DIAMETER = 0.1 ID)

TUBE LENGTH DISCHARGE 4LP
NUMBER OF TUBES (IN) MACHNO, (PSI)

3 268.1 > 0.7 > 100

4 201.1 0.2 > 100

5 160.8 0,1 53

6 134,0 0.078 40

7 114.9 0.065 25

Total pressure and propellant temperature along the axial distance are shown

in Fig. 94 for the five-tube configurations. Tube wall temperatures along the

tube coil are shown in Fig. 95. The maximum tube wall temperature was 2750 K

(4950 R) to achieve a final hydrogen propellant temperature of 2722 K (4900 R).

Detailed Absorber/Window Thermal Model

The heat exchange between the coiled tube cylindrical absorber cavity and the

* window of the vacuum enclosure was modeled using the Differential Equation

Analyzer Program (DEAP). The absorber cavity assumed to be a gray diffuse

"surface which can absorb a portion of the incoming radiation and emit and

reflect the spectral radiation toward adjacent cavity surfaces and toward the

quartz window of the vacuum enclosure. The heat balance on the quartz window

is shown in Fig. 96.
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HEAT INPUT FROM
IR HEAT INPUT REFLECTORFROM CAVITY

CHHAMBER RADIATION OUT

RADIATION OUT

CONVECTIVE COOLED

Figure 96. Heat Balance on Quartz Window

To analyze the heat exchange within the cavity in a detailed but efficient

manner, the absorber was divided into seven thermal zones. Each zone repre-

sents a region with a different uniform temperature. The regenerative cooling

analysis computer program used in the previous cooling analysis of the

absorber was used to provide the average absorber zone temperatures for the

combined thermal model. The energy exchange factors between the different

cavity zones were computed within the model. The radiation heat flow resis-

tance within the absorber was described by the general relationship,

R1C for i = 1 to 7
ii C iA1 EAA i *It

Aq where

C a emissivity at surface i

E = exchange factor between surface i and j
ij

A - surface area of zone i

The vacuum enclosure quartz window transmits, reflects and absorbs energy from

the incoming solar radiation, the absorber cavity, and the ambient surround-

ings. The detail thermal mGdel of the window is illustrated in Pit. 97 and

98. On the earth's surface, the nominal solar heat flux is approximately
"I -;/11 (or equivalent to an effective sun temperature of 5113 K or 9203 R).
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Figure 97. Absorber/Thruster Window Thermal Model Nodal Network
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Figure 98. Quartz uindow Tharmal Hodel
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As a result, approximately 921 of the total solar emissive power is distrib-

uted within the 0 to 2 ua wavelength band spectral band. The average quartz

"absorptivity for this wavelength band is approximately 0.01 (Ml). However, for

the infrared (IR) wavelength region, the average absorptivity ill be high. To

aid in cooling the window, a thir. IR reflective coating can be placed on both

the inner and outer window surfaces. The exchange factors between the cavity

and the window consist of both the view factors and the reflective factors.

Eu = Fij + pF(i-o)_j

All these interrelated effects (effective sun temperature, window coating

characteristics, absorber cavity wall temperatures, emissivities, and absorber

size) formulate the inputs to the combined thermal model.

c. a 4
O -

E ~ d A ~~
Ii• I 3

where
aj window absorptivity

surface boundary infrared coating transmissivity

Ti quartz window temperature

T cavity none temperature

The window heating rate (heat absorption) from the solar conicentrator, is

where

(T) absorptivity

TSa effective sun temperature

-K (T) coating transmissivity
- = haat flux from concentrator

S-•l Absorber/Wirndow The•r•i_ An~aly•si

Utilizing the above-described model, combined tharmal analysis of the absorber

and the quartz window was performed to determine z4-dow temperatures, window

cooling requirements, and IR coating requirements. As shown in Fig. 99, an ILI
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coating is required to achieve satisfactory window temperatures. Due to rera-

diation from the internal absorber surface and the gaseous nitrogen convective

cooling on the outside window surface, the inner window surface temperature is

higher than that of the outside surface.

A typical absorber and quartz window temperature distribution is presented in

Fig. 100 using absorber and window geometry previously presented and an 85% IR

1, reflectivity coating. The window was 1.905 cm (0.75 inch) thick and the heated

surface was 23.724 cm (9.34 inch) in diameter. The aperture end of the

absorber was 4.445 cm (1.75 inch) from the window. The lower window tempera-

tures at the larger radii should enable the use of conventional seal materials.

166.1 C
(331 F) 45C (it3 F)

285 C
(51,5 F) 86.1 C (187 F)

S2327 C 1964 C 1552 C 1299 C 1001 C
2472 C (4220 F) (3566 F) (2825 F) (2370 F) (1834 F) (839 F) 167.2 C (333 F)

(8319 F) 172CC33
(989 F) Q 225.6 C (438 F)
5S1.710; t ( 245.6 C (474, F)

* WINDOW IR COATING REFLECTIVITY - 0.85

0 WINDOW FILM COOLING COEFFICIEfNT - 0.00001162 KcAL/cM2-
SEC- R (0.00016528 BTU/IN2 -SEC- F)

• WINDOW THICKNESS = 0.75 INCH

Figure 100. Typical Ahsorber/Window Temperature Distribution
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"Analysis results determined that the quart.z window temperatures were sis-

nificantly lower than the material critical temperature. However, a sub-

stantial temperature gradient across the window thickness was encountered due

to the low thermal conductivity of quartz as shown in Fig. 101. Analysis

which eliminated the convective cooling indicated that a reasonably low window

temperature can be achieved without the undesirable axial temperature grad-

ient. As shown in Fig. 102, each of the isotherm lines of this quartz win-

dow configuration (no convective cooling) are parallel to an axial centerline

indicating very little thermal gradient. The maximum temperature occurred at

the center region and decreases radially. In this configuration the quartz

window was kept from overheating by the protection of IR coating on both

sides. The required coating reflectivity was 0.85. Therefore it was con-

cluded that window cooling was not required with use of IR coatings and this

approach was adopted for the design.

Carbon Shell and Radiation Shields

The carbon shell with a rhenium coating on the inner surface serves as a ther-

mal shield to reduce the heat loss from the absorber and acts as a high tern-

perature housing to contain the coiled rhenium tube assembly. In determining

the regenerative cooled v:adiation shield temperatures, three variables were

influential. These were: (1) reflectivity of the coating on the inner wall

of the carbon shell, (2) reflectivity of the radiation shield. and (3) hydro-

sen coolant velocity within the regenerative-cooled radiation shield. The

first two variables determined the heat flux on the shield and the third

paramter defined the cooling capability of the shieil.

A study was made of the various high temperature coatings which could be

applied to the carbon shall and other carbon components of the absorber as

discussed in more detail in the subsequent Materials and Processes section.

Of the possible candidates, chemically vapor-deposited rhenium appeared to be

the most ittractive. The coefficient of thermal expansion of the rhenium is

close to that of the graphite. thereby minimizing the risk of thermal mismatch

problems. The ductility of the rhenium will more than allow for any theLmal
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mismatch which may exist. In addition, of the coatings considered, rhenium is

the only one that does not form a carbide. The interface layer between the

rhenium and carbon will be a stable eutectic. The rhenium coating will prevent

sublimation of the carbon because the surface is 100% dense. Based on the

survey made, a coating emissivity value of 0.3 was used for the thermal

analyses.

The thermal analysis indicated that the carbon shell was heated close to

2284 K (3651 F) at steady state (Fig. 103). The low thermal conductivity of

the carbon results in a relatively large resistance to axial heat conduction;

however heat is transferred radially through radiation. The net heat flux

4' dissipated from the carbon shell was intercepted by the regenerative-cooled

radiation shield and resulted in an excessive propellant bulk temperature rise

in the shield. To reduce this heat input, the benefit of a series of interme-

diate thermal shields (between the carbon shell and the regenerative-cooled
V I radiation shield) were analyzed and the corresponding thermal results are pre-

sented in Fig. 103.

-' The intermediate shields were assumed to be fabricated from TZM with a

0.1016 cm (0.04 inch) wall thickness. The shields were also assumed to be

polished on both sides to achieve an emissivity no more than 0.3. The fairly

'high thermal conductivity of this material resulted in small thermal gradients

across the shields (0.11 K or 0.2 F). The effectiveness of the number of

intermediate shields used is illustrated by the data presented in Fig. 104.

The heat input through the radiation shield significantly decreased for one

n•d two shields but tended to level off for more than four intermediate radia-

tion shields. This result was similar to the one-dimensional solution for a

series of equal area flat plate radiation shields. In this simple problem the

heat transferred through the shields decreased proportional to i/(n+l) where n

is the number of shields.

The heat input shown in Fig. 104 is the heat absorbed by the hydrogen in the

ccnl.ed shield plus that lost externally through radiation. With four interme-
diate shields, the total heat input for this section of the regenerative-

cooled radiation shield was 3.11 kw (2.95 Btu/sec).
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To determine the heat input to the remaining portion of the cooled shield, the

heat loss from the five absorber-to-thruster propellant tubes was estimated

assuming that the five tubes were arranged in a row and the four intermediate

shields were extended aft to surround the thruster. The resulting heat input

was 2.01 kw (1.9 Btu/sec). Approximately 6.5% of this loss reflected back to

the propellant lines and remainder reflected within the cylindrical shield and

to the back plate of the regenerative-cooled radiation shield or absorbed

through the radiation shields.

Therefore, the total heat input to the regenerative-cooled radiation shield

was 5.23 kw (4.85 Btu/sec). The heat lost externally from the back side of

-N. this shield was determined to be 1.16 kw (1.1 Btu/sec) or approximately 5% of

the total incoming solar radiation. This results in a 3.96 kw (3.85 Btu/sec)

net heat input to the hydrogen in the cooled shield which resulted in approx-

imately a 978 K (1300 F) hydrogen exit temperature. Therefore, to improve

cooling of the shield, further reductions in the net heat input were desirable.

"The current regenerative-cooled radiation shield design offers several radi-

ation shield cooling approaches as schematically outlined in Fig. 105. All

the approaches lose 28% of the total incoming solar radiation through reradi-

ation and reflection through the window. The first approach is the

regenerative-cooled method using only the nominal absorber/thruster hydrogen

flowrate (ambient inlet). As discussed previously, this approach results in

an additional 5% heat loss due to the high hydrogen bulk temperature within

the shield which translates into a 71% absorber efficiency.

Using two times the nominal hydrogen flow to cool the cylindrical part of the

cooled shield and dumping half the flow at the exit (second approach), the

hydrogen shield exit temperature could be reduced to approximately 61? K

(650 F). However, an additional 4% heat loss is incurred and also an uncer-

tainty in mea uring the actual thruster flowrate is introduced by the bypass

cooling technique.
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' "28% * HIGH ABSORBER

"APPROACH I EFFICIENCY

so or- (RECENERATIVE COOLED) ("ABSORBER = 71%)
1/,. NOMINAL H2 FLOWWITH
LIQUID INLET TEST FACILITY

/1% LH2  COMPLICATION

2 8% 0 LOWER SHIELD WALL AND
.APPROACIH , COOLANT BULK

2TIMESNOMINAL H2 FLOW TEMPERATURES * LOWER
"WITH AMBIENT INLET ABSORBER EFFICIENCY

S(ABSORBER"83)

"8% 1%/ H RJNCERTAINITY IN THRUSTER
TO BYPASS) 2 FLOWRATE MEASUREMENT

2.8%•* LOWER SHIELD WALL AND

APPROACH III COOLANT BULK
S.••'"-I•1 COMBINED H20 TEMPERATURE

SAND AMBIENT SLOW ABSORBER EFFICIENCY

, H2 0 H2 COOLING ("ABSORBER 0 59%)

13% 0 ADDITIONAL PLUMBING
(TO H2 0) COMPLICATION

Figur'e 105. Radiation Shield Cooling Approaches

Vm.-
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The third alternative shield cooling approach is to cool the cylindrical por-

tion of the shield with water and use an ambient hydrogen inlet for the

regenerative-cooled back plate. This approach reduces the shield coolant bulk

temperature but increases the external heat loss to 13% (absorber efficiency

of 59%) since the heat absorbed by the water is not utilized in the system.

Therefore, to achieve the desired high absorber efficiency and accurate pro-
pellant flowrate measurement, the regenerative cooling approach (Approach 1)

was preferred based on achievable absorber efficiency.

In an attempt to further reduce the heat input to the regenerative-cooled

radiation shield and the external heat loss, the incorporation of an insula-

tive layer (aluminum oxide) was analyzed. The insulation was evaluated in

three basic configurations which included: (1) intimate contact with the
fourth intermediate shield with a gap between the insulation and the regenera-

tive-cooled shield, (2) intimate contact with the regenerative-cooled shield
4N: with a gap between the insulation and the fourth intermediate shiold, and (3)

a gap between both the fourth intermediate shield arid the reaenerative-cooled

shield. The third configuration achioved the lowest heat lost;. An insulative

layer emissivity of 0.3 was assumed. This would nacessitate a poliahed insul-

ative surface or that the insulation be sandwiched between two cylinders of
TZH shield material. Properties of two grades of aluminm oxide insulation

(Hullfrax 202 and Alfrax B10) are given in Table 11.

TABLE 11. PROPERTIES OF ALUMINUM OXIDE RADIATION INSULATIOU

PARAMETER MULLFRAX 202 ALFRAX 8101

MAXINMiA HOT FACE TEMPERATURE 1815 C (3300 F) 1870 C (3400 F)

BULK DENSITY 2.8 G/CM3  1.45 G/CRN3

(175 LB/FT3 ) (90 LB/FT3 )

THERMAL CONDUCTIVITY AT 1477 K 1.9 WIN K M1.1 WINK
*>• (2200 F) (13 BTUIHR/FT 2 tIN F) 2.5 BTUIHR/VT 2/IN F

SPECIFIC HEAT 0.25 CAL/GN/C 0.28 CAL/gWC
0 to 1400 C (2550 F)

* ., THERMAL EXPANSION 6.Ox1056 CM/CN/C 8.6x10- 6 "/CK/C
COEFFICIENT (MEAN) (3.3x100 I-/IN/ F) 4.8x100 IN/IN r)

-POROSITY 19."% 62%
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The total heat input to this section of the regenerative-cooled radiation

shield was reduced from 3.11 kw (2.95 Btu/see) to 2.93 kw (2.78 Btu/sec).

* More importantly, maximum regenerative-cooled shield temperature was reduced

from 1032 K (1398 F) to 802 K (984 F).

The resulting carbon shell, shield, insulation, and regenerative-cooled shield

temperatures are presented in Fig. 106. Since this shield configuration

achieved the lowest heat loss and reduced wall temperatures on the re~enera-

tive-cooled shield, this configuration was incorporated into the ground test

absorber/thruster design.

Absorber Forward Carbon Components

-14 The inner IR radiation window coating influences the distribution of the radi-.

ation loss from the absorber. Eighty percent of the radiation from the

absorber inner surf ace is ref lected both dif fusively and specularly f com the

window. Therefore, tracing this reflected anergy was essential in determining

the net heat load imposed on the absorber. Also, the radiant heating caused

by this reflected radiation determined the temperature of the forward end of

the carbon shell and the carbon retaining ring.

2.4k(06F Ve2K-(251~) T"J~STER COATIN~G
-HELL

lot 1?NTMEDI~ATE SHIELD

_F1 Zad INTEMMIATE SHIELD

4,- 7, -7P 7,Q77 ~ 3rd MMMO'1T C SHIiELD
'4XI 4~th MT'ERMI(ATE SHIELD

H12

Figure 106. Absorbar Shield Thermal Analysis Results
* (with Insulation)
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The temperature of these carbon surfaces was computed using the thermal model

presented in Fig. 107. Assumptions included in this analysis were:

1. Surface 3 is a black surface

2. Window coating reflectivity is 0.8

3. The specular and diffusive coating reflectivity were both 0.4

The pertinent dimensions of the model Seometry were:

r I :4.064 cm (1.6 inch)

r 2 = 9.843 cm (3.875 inches)

h = 4.445 cm (1.75 inch)

*% \j1

Q22

S! Q,
QA

j ~Image
/Surf aceS..... . • ,, i /lI ! g

Figure 107. Thezal Schematic of Absorbor Forwa-d End
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The respective surface view factors were computed and the radiative bWat bal-

ance established. The heat reflected back into the absorber (Q1 ) was calcu-

lated to be 9.34% of the radiation from the absorber. The heat reflected onto

the front portion of the carbon shell and the carbon retainer ring (Q2 ) was

69.5% of the heat radiated from the absorber. The other 21.16% is transmitted

through the window. The equilibrium temperature of the carbon components was

computed to be 1311 K (1900 P) and therefore should not pre:ýent a problem.

Carbon Plug

The carbon plug acts to block off solar radiation not captured by the rhenium

tubing. One may ask if the carbon plug was eliminated, what percentage of the

total heat would pass through the remaining bole. A brief thermal analysis

indicated that 0.8% of the total heat would be radiated from adjacent absorber

surfaces out the hole. The percentage of direct solar radiation passing

through the hole would be dependent on the diffuse nature of the radiation

source. The total heat through the hole was determined to be approximately 6%

of the total heat input for a collimated radiation source and 1% for a 180-

degree diffuse source. A +45-degree radiation source should result in an.

average of 3.5% heat passing through the hole.

Heat Loss f rom the AbsciCbep-to-ThMrster Tubes

The heat loss from the absorbar-to-thruster tubes to the cylindrical portion

of the absorber shield configuration with the first rxdif•ed absorber/Ithvustor

design (with radiation shield around the tubes) was calculated to be 0.88 kw

(0.83 Btulsec). At this time, it was realized that the obvious solution to

reducing this heat ioss was to shorten the dist.-ance betuven the absorber and

the thruster. The final design layout shown in the Design Section accomplisbad

this objective (Fig. 88),

The main improvement in the design layout was incorpration of the advantages

of having mini=.=m heat less at4 higher thruster nozzle pecforoance, The main

effocts in reducing the heat-loss was to keep the overall Ohrister/vacuum
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R' •chamber short to minimize the heat lo'i! from heated propellant tubes from the

absorber to the thruster. For the five tubes arranged in a circle, the emit-

ting surface area of the propellant discharge Line was area = 1.67 RL

where R = outer-tube radius, inch

L w tube length, inch

Since the tube radius was determined as 0.1524 cm (0.06 inch), the line length

became the important parameter in calculating the emitting surface area. In

tttis final design layout, the line length was reduced from 10.92 cm (4.3

inchtis) to !z58 cm (0.62 inch) such that the emitting surface area was reduced

by a factor of 6.94.

The total heat loss from these lines decreases as the emitting surface area

and the potential nonlinear temperature difference driving for•e are

decreased. The average temperature difference between the tube and enclosure

surface (radiation shield) is approximately 250 K (450 F). Hence the estimated

beat loss can be calculated approximately as 0.686 kw (0.65 Btuisec).

"Thruster and Nozzle Exit Joint

Due to potential thermal expansion and life fatigue problems of the uozzle

exit joint region, where the rhenium mozele joins to a Thco 903 base, a thor-

=el model consisting of 37 nodes was constructed (Fig. 108) to determine the

steady-state temperature profile in this region. Heat conduction was the pri-

mary mode of heating in this region. The radiation heat source was not domi-

nant due to the fact that the emitting surface area and temperature are not

large [the radiation heat source is only 1644 K (2500 F) and loss). The peak

tw:perature point at the joint -surface area wgs estimated to be less than

998 X (179? R) uhich was determined to be a satisfactory condition.

In the thermal design of the enclosure backplate, the heat distribution inside

the enclosed cavity was evaluated based on the surrounding wall teqeratures
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FiSure 108. Typical Results of Nozzle Joint Temperature Distribution
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.' ~as well as the surface area and geometry (Fig. 109). Since the thruster radi-

ation shield had a temperature close to that of the combustor thruster wall,

the net heat transfer into the internal shield was from absorber to thruster
I k propellant lines. The temperature difference along the carbon shell was the

main driving force to contribute the heat transferred into this cavity. How-

ever, the heat transfer into the backplate was designed to be minimized using

a 1.524 cm (0.6 inch) thick low thermal conductivity insulation placed on the

plate. This enables the backplate to be maintained at the reasonable low

operating temperature range. To achieve uesired temperature gradient across

the insulation, the coolant flow path illustrated in Fig. 110 was developed.

The hydrogen enters the backplate at the outer diameter and flows spirally and

is discharged into a manifold near the center. This coolant flow absorbs

majority of the heat load which is being transferred into the cavity.

%Q,

I J

A AQ1 = 0.06 BTU/SEC Q3 = 0.24 BTU/SECBAC KPLATE

INSULATION Q2 = 1.54 BTUJ/SEC Q4 = 1.72 BTU/SEC

Figure 109. Heat Distribution at the End Enclosure Cavity

1
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Figure 110. Cooling Passages.Dsg for CaiyChamber Closeout Plat
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Overall Absorber/Thrust Temperature and Pressure Distribution

Based on the individual analyses discussed previously, the overall heat dis-

tribution in the absorber/thruster was established and is shown in Fig. 111.

Figure 112 shows the temperatures and pressures throughout the assembly. It

may be noted that the required hydrogen propellant inlet pressure was 79.3

SN/CM2 (115 psia) at a flowrate of 0.000467 kg/sec (0.00103 lb/sec) and that

the maximum temperature within the assembly was 2745 K (4481 F) on the

absorber rhenium tubes.

_• G 4 BTb/SEC

-TR= 122 BTU/SEC

QABSORB 14.78 BTU/SEC TRANSMITTED
/ QINPUT = 22.64 BTU/SEC

QLOSS =2.62 BTU/SEC .

Figure 111. Overall Heat-Distribution in Absorber/Chamber
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STRESS ANALYSIS

Detailed stress analyses were completed on critical component areas of the
V absorber/ thruster assembly. Seven localized regions were analyzed, as Illus-

Al trated in Fig. 113, to determine loads due to pressure and thermal growth. The
strulctural design criteria and factor of safety requirements are suimmarized

below:

FS > 3.0
FS > 1.5

y
FS 10-HOUR RUPTURE STRESS > 2.0

STRESS RUPTURE LIFE Ž40 HOURS

. K.
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Rhenium Tubinx

A finite element model of a single rhenium tube (Fig. 114) was constructed and

incorporated the coiled rhenium tube *s well as absorber inlet and outlet

lines. The absorber feed line that runs perpendicular to the rhenium tube

coil was conservatively modeled as a straight tube.

J, %N FACTORS OF SAFETY

MECHANICAL STRESS 10 HOUR

STRESS RUPTURE TIMETO-
LOCATION YIELD ULTIMATE ST RUPTURE TEMPERATURE

2756K

A 242 5.33 2.18 70 HOURS (4500F)

STRAIN
LOCATION EMAX TEMPERATURE

2756K
"B 0.17% .45•)

Figure 114. Rhenium Tube Finite Element Model and Analytical Results

The finite element model of the rhenium tube was used to determine tube

stresses/strains resulting from thermal, pressure, and dead weight loadings.

Results are summarized in Fig. 114. The stress results at location A are

based on an internal pressure of 41.4 N/cm (60 psia). The maximum pre-

dicted strain resulting from thermal loading is 0.17% (location B) c6mpared to

a material elongation of 2%. The thermal load analysis included the effects

of thermal gradients across the tube diameter. As noted in Fig. 114, factor

of safety requirements were met.
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Reg~enerative-Cooled Radiation Shield

Initial analysis of the four intermediate radiation shield design configura-

tions indicated that an Inconel 625 regenerative-cooled radiation shield was

structurally acceptable but that a 300 series cres steel shield was unaccept-

able. This latter material could be made structurally acceptable if a bellows

arrangement was incorporated to relieve the differential thermal growth

between the inner and outer walls of the cooled shield.

Analysis of the regenerative-cooled radiation shield was revised to reflect

the shorter shell length and lower shield temperatures of the final configura-

tion. Results indicated that the lower shield temperatures allowed the use of

347 cres for the radiation shield shell material. During the initial thermal

cycle, the outer cylinder will yield in tension. However, on subsequent

cycles it will function elastically. The inner cylinder will remain elastic

at all times to prevent instability resulting from the combination of compres-

sive thermal and pressure induced stresses. Factors of safety on mechanical

stresses for the radiation shield shell and backplate are summarized in Fig.

115 and 116 and were indicated to ti satisfactory.

Thruster and Nozzle Exit Joint

A finite element model of rhenium nozzle exit joint was constructed to facili-

tate the prediction of nozzle pressure and thermal stresses (Fig. 117).

Initially, analysis was conducted based on the use of 347 CRES for the cooled

backplate. However, the large difference between coefficients of thermal

expansion for rhenium (3.7 x 10-6 in./in./F) and 347 cres (10 x 10-6

in./in./F) resulted in excessive thermal strains in both materials. To reduce

strains, the backplate material was changed to Custom 450 CRES (coefficient of

thermal expansion of 6.5 x 10-6 in./in./F).
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/ /A

* MATERIAL: 347CRES

0 FACTORS OF SAFETY

LOCATION YELD ULTIMATE TEMPERATURE

A-WELD Z10 5.00 700K
(SOOF)

*B-WELD 1.29 8.32 811K
(00wF)

Figure 115. Solar Absorber/Thruster Radiation Shield Shell

%C

0 MATERIAL: CUSTOM 450CRES

e FACTORS OF SAFETY

LOCATION YIELD ULTIMATE TEMPERATURE
- 978K

A- EB WELD 1.65 3.11 (1300F)

Fi&ure U16. Radiation Shield Back Plate Factors of Safety
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S~MATERIAL: RHENIUM
! C * FACTORS OF SAFETY

MECHANICAL STRESS
10 HR RUPTURE TIME TO

LOCATION YIELD ULTIMATE STRESS RUPTURE TEMPERATURE
2478K

B A 1.73 3.91 2.0 40 HOURS (4000F)

STRAIN
LOCATION EMAX TEMPERATURES• • : •1033'K "

B 0.42% (1400F)
1422K

C 0.27% (2100F)
2644K

D 0.25% (4300F)

Figure 11. Nozzle Finite Element Model and Analytical Esults

Analysis results for critical locations are given in Fig. 117 and indicated a

satisfactory deasig. Streas results at location A include the effects of
loads imposed by tha absorber tubes. Kaxi== strains for combined pressure

and thermal loadings are &iven for three locations. At the braze joint (loca-
tion B) the max4im strain in the rhenium is 0.42%, compared to a material
elongation of 5%. At locations C and D the maximua strains are 0.27 and
0.25%, respee'ively, compaed to a material alongation of approximately 2% at
both locations.

C~rbar. Shell.

Analysis of the carbon shell indicated that thermal stresses in the shell
*asulti7g f rom the temperature gradients alog the shell length and through

the shell thicknesa wu not a problem.

"175



Summary Comments

The results of the absorber/thruster stress analysis indicated the assembly to

be structurally adequate. The minimum ultimate and yield factors of safety

occurred in the backplate at values of 3.11 and 1.65, respectively. The mini-

mum time to rutpure was 40 hours and occurred in the thruster.

A weight breakdown analysis of the solar rocket assembly is shown in Table 12.
The absorber/thruster assembly weight was estimated at 111 kg (244 lb) and the

window assembly hardware, which was considered to be test equipment provided

by the Air Force Rocket Propulsion Laboratory, was estimated at 14 kg (31 Ib).

TABLE 12. SOLAR ROCKET WEIGHT BREAKDOWN

ti -mi -

kg POUNDS

VACUUM CHAMBER
CYLINDER 60 (132)
BASE PLATE 24 (52)

SHIELDS

CYLINDER ASSEMBLY 11 (25)
THRUSTER ASSEMBLY 0.5 (1)

INSULATION

BASE PLATE 2 (4)
ENTRY CONE 4 (8)

GRAPHITE
CYLINDER 5 (11)
PLUG ASSEMBLY 1 (2)

ABSORBER/THRUSTER

ABSORBER 1 (3)
THRUSTER 0.5 (1)

LOOSE HARDWARE 2 (S)

111 (244)

WINDOW ASSEMBLY

QUARTZ WINDOW 3 (6)
RETAINER 10 (22)
LOOSE HARDWARE 1

_417 (31)
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MATERIALS AND FABRICATION PROCESSES

In parallel with the previously discussed design, thermal and stress analyses,

evaluations were conducted to define required critical materials and verify

.. • the required fabrication processes. Effort was primarily focused on the crit-

ical material selected in Phase I for the absorber tubing (rhenium). The

quartz window with an IR reflecting coating also was considered critical and

was assessed during the Phase I effort. During Phase 1I, material and fabri-

cability was further verified by contact and discussions with various window

and coating vendors. Data and information were provided to the Air Force

Rocket Propulsion Laboratory who will procure the window for the solar rocket

4, testing.

All primary material callouts for the absorber/thruster assembly are shown in

Fig. 118.

Rhenium Tube Coiling

One of the crucial steps in the fabrication of the coiled tube absorber is the

coiling of the rhenium tubes. A potential difficulty was projected ia coiling

five tubes simultaneously and' with material spring back creating excessive

Saps between adjacent coils. Therefore, a tool for the absorber was designed

(Fig. 118 and 119) and fabricated to evaluate tube cci.ling procedures,

As shown in Fig. 119 and 120, the tooling consisted of an aluminum mandrel for

coiling the cylindrical absorber with a hemispherical encloe4d end. The cap

on the hemispherical end simulated the carbon plug and provided a tool to

align the tubes to the thruster. Tho plate with the five pius is the tool to

form the thermal expansion bends between the thruster and the absorber

(Fig. 120).
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The first attempt in coiling the hemispherical end of the absovber with five

321 CRES tubes (simulating rhenium) is shown in Fig. 121. The thruster would

be at the top of the photo and the sixth tube (on the left side) is the thrus-

ter chamber pressure instrumentation line. The spring back of the 321 CRES

tubes was significant (believed to be higher than that for rhenium) and

resulted in a rather loose coil. An evaluation of the rhenium tubing spring

back was subsequently performed and verified the assumption. Additional

stainless steel tube coiling was performed in Task III and resulted in com-

plete mockups of the absorber coil assembly.

Rhenium Tube-to-Tube Joint

Three fabrication approaches to prcvide the long length rhenium tubing were

considere,1 and are illustrated in Fig. 122. The first approach was the use of

a welded sleeve which was successfully demonstrated ia the Phase I material

evaluation effort. The second approach consisted of a chemically vapor depos-

ited (V-D) joint. Successful scmple joints were completed by the vendor. The

CVD joint was observed to bq longer than the welded sleeve joint and, due to

the change in tube thickness caused by the joint, tended to bend less unifotu-

ally. The success of the CVD joint led to the third suglested approach of a

continuous CVD tube of the final desired length. This would essentially pro-

vide a tube without any joints, however, attempts at this approach proved

unsuccessful. The welded sleeve approach (Fig. 123) was judged best and

selected for the design.

Rh;eniMMv 102,e Stron-Mh Leak- and flenA Tests,

Laboratory teat evaluations of the rhenitm tube material were conducted to

ovaluate creap characturisticu, poteatial povosity with leakage, avd ability

to bend to the required radii. The test results verified the suitability of

rhanitzn for the tu material. To tcet conditicus are siunarize1 in Table 13.
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Figure 121. First %tuba Coiling Att-wt (321 GRES Tube&ý.

UM SLMVE CUMiCALIS VAPOk DUO$11M (CYD) J&Iblf

CMD PIOMSS

CO~b*TlUo3S CVD TMTh

Figure 122, Rbaniua Tube Joint Appxro,=ba
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"I265-3/12/81-CID

Figure 123. Welded Sleeve

TABLE 13. SOLAR THRUSTER RHENIUM TESTS

HIGH TEMPERATURE PROOF (AND CREEP) TESTS

MAXIMUM TEMPERATURE 2667 K (4800 R) *83 (+150)

MAXIMUM PRESSURE 62 N/cm2 (90 PSI)

TIME AT TEMPERATURE AND PRESSURE 1 HOUR

NO MEASURED DIANETRAL EXPANSION

4: HIGH TEMPERATURE LEAK TESTS

SAME CONDITIONS AS ABOVE

BEND TESTS
(NO INTERMEDIATE ANNEALING)

M MINIMUM BEND RADIUS 0.76 TO 1 0 CM (0.3 TO 0.4 INCH)

TUBE FILLED WITH SHOT 0.053 CH (03.021 INCH)

TUBE ID 0.25 CM (0.100 INCH)

"TUBE WALL 0.025 CM (0.010 INCH)
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Carbon Component Coating

A literature search on the sublimation characteristics of carbon indicated

significant sublimation could occur for the absorber/thruster carbon compo-

nenta. Carbon component sublimation could result in subsequent deposition

onto adjacent surfaces. Coating of the inner surface of the vacuum chamber

e. window with carbon could result in overheating the window and/or carbon depos-

iting on the various radiation shields could influence their reflective char-

acteristics. Vapor pressure data for graphites are presented in Fig. 124. As

shown in this figure, the carbon will sublime at 2500 K (4500 R) if the pres-
sure is below 1.6 x 10-5 mm Hg. Although the majority of the components are

below this temperature, a coating was planned for all carbon components to

ensure that carbon sublimation does not occur.

To verify the sublimation characteristics of carbon, high temperature 2278 K

(4100 R) exposure tests were conducted on samples in a hydrogen environment.

A weight loss of 2 to 3% resulted with an exposure time of 1 hour, thus sub-

stantiating the need for a coating.

Several approaches to coat the carbon components were investigated and

included:

1. Chemical vapor deposition (CVD) of tungsten

2. Plasma sprayed tungsten

3. Plasma sprayed or chemically vapor deposited tantalum/tungsten

4. Chemically vapor deposited rhenium

The interface layer between the metallic coating and the graphite will form a

eutetic in each of the cases. The rhenium and tungsten outectics melt at

about 2500 C (4500 F), whereas the tantalum eutectic melts at about 2800 C

(5100 F). In the case of chemical vapor deposition of tungsten, a small

amount of carbide may be formed in addition to the eutectic due to the

1
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presence of the vaporization gas. In any case, the eutectic or the carbide.
layer is not expected to pose a problem. A slight gas pressure will build up
under the surface of the outer metallic layer. The contained gas will be at a

high enough pressure to prevent sublimation of the carbide or eutectic and at

a low enough pressure to prevent further carbide formation. Both CVD and
plasma spray techniques have been used successfully In the past for high

temperature carbon hardware.

Of the possible candidates, chemically vapor-deposited rhenium appeared to be
the most attractive. The coefficient of thermal expansion of the rhenium is
close to that of the graphite, thereby minimizing the risk of thermal mismatch
problems. The ductility of the rhenium will more than allow for any thecmal

miitJtch which may exist. In addition, of the coatings considered, rhenium is

tti only one that does not form a carbide. The interface layer between the

rhenium and carbon will be a stable eutectic. The rhenium coating will

prevent sublimation of the carbon because the surface is 100% dense.
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PERFORMAICE ANALYSIS

1 Performance analyses were completed to determine thruster performance for var-

iation in nozzle expansion ratio and hydrogen propellant temperature. These

results led to the final definition of the ground test absorber/thruster pro-

jected performance. Analyses w6re performed to define the required test

facility diffuser/ejector system, and approaches were investigated to vary the

final hydrogen temperature to minimize hardware risk during initial testing.

Evaluation was also made of instrumentation requirements of the absorber/

thruster assembly for performance determination and to ensure safe test

A1. operation.

Thruster Performance

To achieve representively high delivered specific impulse values with the

ground test hardware, the nozzle area ratio is an important influencing

parameter. Ground testing without a diffuser/ejector system would result in a

nozzle area ratio of approximately 2-to-1 for a chamber pressure of 34.47

N/cm (50 psia). As shown In Fig. 125, the theoretical specific impulse for

a 2-to-i area ratio is below the design mininim goal of 7845.3 Nsec/kg

(800 lb sec/lb ). Although nozzle area ratios of 100-t•'-1 or greater were
f

desirable, the diffuser/ejector system complications and ejector flow require-

-mets necessitated a compromise. A nozzle area ratio of 20-to-i enabled a

more reasonable ejector design and achieved a theoretical specific impulse of

9120.2 Nsec/kg (930 lb sec/lb ) which should provide a delivered value
f m

greater than 7845.3 Nsec/kg (800 lb sec/lb ). Due to the small physical

size. the test hardware will result in lower delivered specific Impulse values

as compared to the flight design due to increased boundary layer and reaction

kinetic losses.
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* 'a.. Specific Impulse Variation With Hydrogen Temperature

Using the simplified JANNAF performance prediction procedure (Fig. 126) the

delivered specific impulse for the 20-to-i and the 100-to-i area ratio nozzles

was determined as a function of the final hydrogen temperature by computing

the individual thruster losses (Fig. 127). The nozzle geometric efficiency

••(v) was determined using the Rocketdyne aerodynamic design and analysis

computer programs. The 100-to-I area ratio nozzle achieved a 0.66% higher geo-

metric efficiency. Both nozzles were assumed to haave an 80% length. The

boundary layer loss (A BL) was obtained using Rocketdyne's integral bound-

ary layer analysis computer program assuming laminar flow. As shown in

Fig. 127, the longer and larger 100-to-1 area ratio nozzle resulted in almost

double the boundary layer loss of 20-to-i area ratio nozzle. The reaction

kinetic efficiency (nK) for the two thrusters was determined using the one

:-e% dimensional kinetic (OD) computer program. The increased amount of disso-

ciated hydrogen at the higher temperatures and the subsequent recombinatlon in

the nozzle resulted in lower reaction kinetic efficiencies.

1SOEL " 1STHEOR 1 '7G IX"1BL1

WHERE

'5DEL - DELIVE RED SPECIFIC IMPULSE

'STHEOR- THEORETICAL SPECIFIC IMPULSE

"AT CHAMBER CONDITIONS

- GEOMETRIC OR TW¥O-OIMENSIONAL ROCKETDYNE'S
THRUST CHAMBER EFFICIENCY NOZZLE ANALYSIS

PROGRAM
ONE -OIMENSIONAL

"K REACTION KINETIC EFPICIENCY KINETIC O KI
:•" ","PROGRAM

--8L BOUNDARY LAYER LOSS ROCKETOYNE INTEGRAL
BOUNDARY LAYER

-.. , ,PROGRAM

"Figure 126. Simplified JANNAF Procedure
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Combining these individual thruster losses with the theoretical performance

values, the resulting delivered specific impulse was computed. The variation
,- of the delivered specific impuise with the final hydrogen temperature is shown

in Fig. 128. As a result of the higher boundary layer loss of the 100-to-I

area ratio nozzle, the delivered specific impulse for this thruster was lower

than that of the 20-to-i area ratio nozzle. Therefore, based on these results

and the test diffuser ejector flow requirements analyzed below, the 20-to-I

area ratio nozzle was selected as the test hardware baseline. As shown in

FINAL HYDR0GEN TEVERATURE, R
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lit Figure 128. Delivered Specific Ilulse Vari-ation W.ith
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Fig. 127, the delivered specific impulse value for this thruster varied from

6132 N sec/kS (625.3 lbfsec/lbm) at 1667 K (3000 R) to 7962 V sec/kS (811.9

lb sec/lbm) at 2722 K (4900 R).
f

The variations of the hydrogSe flowrato and thrust are shown in Fig. 129 and

130, respectively. The flowrats varies by 351 and the thrust was essentially

constant over the temperature rn=e evaluated.
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Figure 130. Thrust Variation With Final Hydrogen Temperature
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Thruster Diffuser/liector Analysis

Preliminary dif fuser/eJector analyses have indicated that the 100-to-I nozzle

area ratio required a two-stage ejactor system with a total gaseous nitrogen

flowrate of 0.381 &=Isee (0.839 tb/sec). Depending on the pressure recovery

LBQ split between the two stages, the required ejector flowrate varied from 0.391

Sm/sec (0.389 lb/iec) to 0.44 Sn/sec (0.97 lb/see). The complication of a

two-stage syetem and the high ejector flow requirements are undesirable eJec-

tot- features. Therefor- the lower nozzle area ratio (c = 20-to-i) wes anal-

yzed. This nozzle only required a singie-stage ej-ect.or system and a gaseous

nitrogen flowrate of 0.084 on/sec (0.186 lb/sec) which is a facter of 4.5
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\ lower than for the 100-to-I area ratio non1a. As shown in Table 14, a com-

parison of the recovery pressure and required ejector flows for different noz-

zle area ratios indicated that the required gaseous nitrogen ejector flow is

approximately proportional to the nozzle area ratio.

TABLE 14. DIFFUSER/EJECTOR ANALYSIS RESULTS

NOZZLE AREA RATIO 20 50 75 100

RECOVERY PRESSURE,

0.8 Poyg N/cm2 (psta) 2.103 8.869 0.579 0.441

(3.05) (1.26) (0.84) (0.64)

REQUIRED GN2 FLOW,
V• sec (lb/sec) 0.084 0,.381

"(0.186) (0.839)I I,

Thruster Diffuser/Elector Design

4,• Using available analysis and design methods and the experience obtained on

previous operational diffuser/ejector designs, a diffuser/ejector system for

the ground test solar absorber/thruster was defined as shown In Fig. 131.

The ground test thruster is a 20-to-I area ratio bell nozzle with an 80%

length with the following one-dimensional nozzle exit conditions:

"H a 3.97

P/Po = O043

Poy/Pox a 0.0827

The dsign chamber pressure was 34.47 N/cm2 (50 psia) which results in a
2one-dimensiorsal nozzle exit pressure of 0.15 N/cm (0. 22 psia). Using the

above parameters, the full nomal shock recovery pressure was 2.83 Nlc 2

(4.1 psia).
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The pertinent nozzle geometry and the axisymmetric nozzle oxit boundary layer

conditions were:

Nozzle Wall Exit Angle, 0E = 9 degrees•E

Thruster Throat Radius, R M 0.134 cm (0.0528 inch)St

Nozzle Exit Radius, RE M 0.601 cm (0.2364 inch)

Boundary Layer Velocity Thickness, 6 = 0.152 cm (0.06 inch)

Boundary Displacement thickness, 6, = 0.056 cm (0.022 inch)

To capture the nozzle exhaust plume which exits the nozzle at 9 degrees, a

diffuser diameter of 1.321 cm (0.52 inch) was chosen (Fig. 132). This diam-

eter provides 20M more flow area than the nozzle exit plane. To enhance pros-

sur- reouvery, the diffuser area was kept small; however, nc area contraction

was incorporated due to boundary layer viscous considerations.

olso the constant "iameter will tend to simplify construction. The diffuser
lengt)- is Ik length-to-diameter ratios long. The diffuser subsonic section
has an area rstio of 3.7 with a 3.4-degree half angle. The diffuser diameter

¾."> increases from 1.321 cm (0.52 Lich) to 2.54 cm (1.0 inch) k.n this subsonic
sectiou.

Based on the diffuser aroa to azzle throat area ratio of 24.2, the predicted
Pc/Pa start ratio is 18. Fo.- the nominal design chamber pressure of
234.47 N/m2 .'5v psia), the ixpected static pressure recovery is 1.93 N/cm2

(2.6 psia).

The aector system for this configuration must be able to "z* from the
21.93 W!/cm (2.8 psii) diffuser exit pressure to ambiant pr-%t:ure which was

assimed to be 9.65 L/cm" (14 psia). Several design considerations were
weighed prior to selecting the ejecto- drive nozzle shown in Fig. 132. These

V.. included: (1) the ejector fiowvate for an ejector c¢abr pressure ranre of

103.4 N/cm2 (150 ps'i to 344.7 N/cm2 (500 pisa), (2) the ejector nozzle
exit pressure to match the diffuser recovery, and (3) the ejector blanik-off

Vp;essuce tinitial cell pressureý.
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The Rocketdyne ejector program, RODA, was used to size the ejector driver

nozzle throat and expansion ratio. A mid-point ejector chamber pressure of

306.8 N/cm2 (300 psia) was chosen to permit the flexibility of operating at

higher or lower pressures if requlred. For this pressure, a mass flowrate

(ambient gaseous nitrogen) of 0.118 kg/sec (0.26 ib/sec) was required with an

ejector nozzle throat diameter of 0.559 cm (0.22 inch). The resulting nozzle

was an 8-to-i area ratio conical nozzle with a 15-degree half angle (see ejec-
tor nozzle detail in Fig. 131. An ejector diameter of 2.54 cm (1.0 inch) was
selected to provide for the driver nozzle and secondary flow areas. At an

ejector chamber pressure of 206.8 N/cm (300 psia), the blank-off pressure2Ncm

would be 0.517 N/CH2 (0.75 psia). Contraction to a minimum ejector diameter

of 2.13 cm (0.84 inch) was obtained with a 6-degree convergence angle. The
ejector contraction ratio is 0.7 and the length is 8 length-to-diameter

ratios. The ejector subsonic area ratio is 4 and is achieved with a 4-degree

conical half angle.

With no thruster flow, the ejector should start at an ejector pressure of
2117.2 U/cm (170 psia). The ejector throat is designed for the flow asso-

ciated with the ejector design chamber pressure of 206.8 N/cm2 (300 psia).
If for some reason substantially more ejector flow is required to pump the

thruster exhaust, the ejector throat could be machined lar-er and ejector con-

traction eliminated. Therefore, for the ejector nozzle and duct, sufficient

material to permit this alteration should be provided although substantial
margin has been incorporated in the diffuser/ejector design.

Absorber-to-Thruster Line Heat Loss influence

The most important heat loss in the absorber/thruster configuration is the

loss from the absorber-to-thruster propellant lines. Up to the absorber exit

the propellant is being continually heated, but downstream of this location

the heat loss will decre&se the final hydrogen temperature and the delivered

specific impulse. Therefore, thermal and design efforts were directcd to min-
imize this heat loss.
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,: •;,The loss of 0.77 kw (0.73 Btu/see) determined by thermal analysis resulted in

a 16.7 K (30 R) decrease in final hydrogen temperature and approximately a

31.97 Nsec/k& (3.26 lb sec/lb ) decrease in delivered specific impulse at
f m

the design conditions of 2722 K (4900 R) maximum hydrogen temperature and a
2

34.5 N/cm (50 psia) chamber pressure. Since the delivered specific impulse

is approximately 7945 Nsec/kg (810 lbfsec/lb) 1  these results indicate

that the efforts to minimize the absorber-to-thruster line heat loss have

reduced the delivered specific impulse loss to approximately 0.4%, which was

considered acceptable.

Delivered Specific Impulse

The final individual thruster performance losses were computed at the chamber

design condition for the 20-to-I nozzle area ratio. The nozzle geometric
efficiency remained unchanged at 0.988. Using the Rocketdyne integral bound-

•', " ary layer computer program, the boundary layer loss was determined to be
',V 6.17%. The reaction kinetic efficiency was calculated to be 0.9668 using the

one-dimensional kinetic (ODK) computer program. These losses combined with a

, theoretical specific impulse of 8875 Nsec/ky (905 lb fsec/lb m) resulted in

a delivered specific impulse of 7929.7 Nsec/kg (808.6 lb sec/lb ). The
f in

line heat loss contributes to only a 0.4% decrease in delivered specific

impulse from the 2722 (4900 R) maximum hydrogen temperature condition. The

major thruster performance loss was the boundary layer loss.

Assuming an ambient (294.4 K or 530 R) hydrogen inlet temperature, the result-

* ing hydrogen flowrate was 0.000467 kg/sec (0.00103 lb/sec) and the thrust was
3.69 N (0.83 lbf) with a thruster throat diameter of 0.2685 cm (0.1057 inch).

Test Approaches to Vary Hydrogen Temperature

:- In testing the hardware, the safest approach would be to start with a low

final hydrogen temperature (absorber outlet temperature) and reduce the hydro-

gen flowrate until tLe design final hydrogen temperature is reached. This

approach would minimize the risk of an over-temperature condition due to dif-

ferences In the predicted and the actual absorber operational characteristics.
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': '• In reviewing the basic relationships describing the variation with the final

hydrogen temperature, two approaches to accomplish this were apparent. The

governing relationships are:

q~~2~ (1)

and

% 2 
(2)

where

k = Hydrogen flowrate
2

Q = Heat absorbed by hydrogen

P 0 = Chamber pressure

C = Hydrogen characteristic velocity

At = Thruster throat area

S = Gravitational constant

Using Eq. (1) in Eq. (2), Eq. (2) becomes,

C P= (3)

2

Therefore, for a fixed thruster (constant At) and a constant heat absorbed (Q),

,• .p -( 4 )

The thrust chamber pressu-e must be varied for the various final hydrogen

temperatures.

Now if a fixed chamber pressure (P ) is desired for the fixed thruster

(At~

Q 2(5)

C

'~' ,The heat absorbed must be varied.
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Using the derived proportionalities (Eq. 4 and 5), pertinent parameter varia-

tions were determined for a fixed thruster (0.2685 cm or 0.1057 inch throat

diameter) with a design condition of 2722 K (4900 R) final hydrogen tempera-
2.

ture at 34.47 N/cm (50 psia) chamber pressure. The results for the two

approaches are presented in Fig. 132.

SVFor the fixed heat absorbed case, the chamber pressure must be increased from
2

34.47 N/cm (50 psia) at 2722 K (4900 R) final hydrogen temperature to

_ 48.77 N/cm2 (70.73 psia) at 1666.7 K (3000 R) final hydrogen temperature.

The hydrogen flowrate would increase by a factor of 1.9 from the value at the

design condition. In addition, the increased chamber pressure and flowrate

would increase the absorber pressure drop by greater than a factor of 2 and

increase the required inlet pressure by more than 60%. This increase in inlet

pressure will increase the stress throughout the absorber/thruster hardware.

To maintain a constant chamber pressure, the solar heat input must be reduced

for the lower hydrogen temperatures. As shown in Fi&. 132, the heat absorbed

must be reduced by 29.3% at the 1666.7 K (3000 R) final hydrogen temperature

condition. The resulting hydrogen flowrate increase with decrease in hydrogen

temperature was considerably less than in the fixed heat input approach (only

34%. as compared to 190%). This translates into approximately a 10% increase

in absorber pressure drop and a 3% increase in hydrogen inlet pressure.

Since the chamber pressure influence on the delivered specific impulse should
not be significant, the delivered specific impulse versus hydrogen temperature

calculations ace performed assuming a constant chamber pressure.

Performance Analysis Sumary

Based on the completed performancee analyses, the final nominal performance

projections for the ground test absorber/thruster were established. The pro-

jections are surfnarized in Table 15. It may be noted that the specific

impulse program goal of 7845.4 Hosec/kg (800 sec/lbm) was exceeded.
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•'•, TABLE 15. ABSORBER/THRUSTER NOMINAL PERFORMANCE SUMMARY

ABSORBER

EFFICIENCY, 76.9%

HYDROGEN FLOW, 0.000467 kg/sec (0.00103 lb/sec)

HYDROGEN TEMPERATURE, MAXIMUN 2722 K (4900 R)

THRUSTER

CHAMBER PRESSURE, 34.5 N/cm2 (50 PSIA)

HYDROGEN FLOW, 0.000467 (kg/sec (0.00103 lb/sec)

HYDROGEN TEMPERATURE, 2705 K (4870 R)

NOZZLE EXPANSION AREA RATIO, 20:1 (80% LENGTH)

DELIVERED SPECIFIC IMPULSE, 7929.7 Nsec/kg (808.6 LFF sec/LBh)

THRUST, 3.69 N (0.83 LBf)

Instrumentation Requirements

The primary objective of Lhe ground test hardware is to provide proof-of-

principle of the solar absorber/thruster design concept. This would include

the determination of the absorber efficiency and the delivered specific

impulse from measured data. Instrumentation required to provide thesa data

and that required to ensure safe test operation and test hardware integrity

"was defined. Instrumentation and measurement provisions to be provided on the
test hardware as shown schematically in fig. 133 and 134. The propellant

inlet and outlet pressures and twaperatuwes will enable the calculation of the

heat absorber performatce and will define the thrust chamber conditions (cham-

ber pressure and final hydroSen temperature). The tube for measuring chamber

'41 pressure (Fig. 134) passes out of the thruster teat shield, through the rigid-

ized zirconium oxide insulation, through the vacuum backplate to exist out-

board of the backplate.

N
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The high temperature thermocouples will (1) verify the solar flux profile

(axial) in the absorber, (2) verify the discharge temperature of the hydrogen,

and (3) detect flow variations in the five tubes. The thermocouples are

tungsten/tungsten 20% rhenium with grounded Junctions, beryllium oxide insula-

tion, and tantalum sheathing. The grounded junction, besides being welded,

ara mechanically locked, since such junctions tend to be brittle and separate

after several thermal cycles. These thermocouples were considered to be state

of the art for high temperature thermocouples. They were not metalurgically

locked to the surface of the rhenium tubes (using such methods as welding or
brazing). It is expected that the measurements made this way will be within

50 degrees of true value, since the solar assembly is very similar to a high

temperature vacuum furnace.

One of the thermocouples was attached to the thruster and this is the thermo-

couple which should have the highest reading. Fifteen thermocouples were

attached to the outer surface of the absorber. They were broken into sets of

* Y5, and each set was at a designated axial location. This allowed the reading

of a mean axial temperature, and the reading of a temperature distribution

along each of the 5 rhenium tubes.

The absorber tube number and the axial location on the absorber of each of the

thermocouples are denoted in Fig. 91 as it exits the vacuum chamber backplate

assembly. As shown in Fig. 90, Location No. 1 is the closest to the vacuum

chamber window and location No. 3 is at the start of the hemispherical end of

the absorber. Progressing clockwise from the bottom of the vacuum chamber

(Fig. 91), the thermocouples are arranged in groups for the three axial loca-

tions. The path and installation of a typical absorber thermocouple at axial

location No. 2 is illustrated in Fig. 135. The thermocouple is held adjacent

to the absorber coil and is protected from direct solar radiation impingement

by a rhenium foil strip. The thermocouple passes through the various rhenium-

*• coated graphite components, through the backplate insulation and exits through

the backplate assembly.

A discussion of the potential thermocouple error is presented in Appendix D.

t20.
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Additional Instrumentation

Provision to measure the test chamber pressure (vacuum or positive pressure)

.must be provided. This pressure will enable the monitoring of the test chain-

ber to ensure an oxygen-free environment. Detection of an increase in this

pressure would result in an inert purge into the chamber to prevent high tem-

perature oxidization of the rhenium.

Additional instrumentation recommended included direct or indirect methods of

measuring the H2 propellant flow and ejector (GN2 ) flowrate and thrust (if

possible). These measurements and their continual monitoring during testing
.A would further ensure safe test operation and the direct calculations of deliv-

"ered specific impulse.

!. Configuration Ground Test Setup

The planned overall ground test solar rocket configuration is illustrated in

Fig. 136, and shows the absorber/thruster assembly and the diffuser/ejector.

Because of the strong desire to measure thrust for performance evaluation, and
because the thrust values will be quite small (approximately 3.7 N (0.83 lb),

special consideration was given to the thrust measurement system by APRPL. A

altitude chamber will be provided by AFRPL to enclose the absorber/ thruster

and the thrust measurement load cells and avoid external atmospheric loads

(wind) on the ground test article. The hydrogen propellant supply instrumenta-

tion, vacuum and purge lines will be routed through the tind screen enclosure

to the test article with flexible lines.

As shown in Fig. 136, a window (really two windows) are required for the

ground test facility. AFMPL. has elected to use an actively cooled window

assembly with three windows. Coolant is placed between the secon6 and third

windows.
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PHASE III, fABRICATION

Tbh.s phase consisted of fabrication of the solar rocket ground test article

according to the designs and specificaLions developed in Phase II. The com-

pleted assembly was t3 be dcliver-ed to the Air Force Rocket Propulsion Labora-

tory for acceptance and future test evaluation.

A simplified fabrication and assembly sequence is shown in Fig. 137. With

release of the designa and specifications, components and parts fabrication

was initiated. Completed rhenium tubes were assembled into the absorber coil

subasembly and a high-temperature (1644 K, 2500 F) pressure/leak test con-

ducted. The absorber coil subassembly was then assembled with thruster and

backplate followod by final assembly af the remaining components using an

assembly fixture. More detail assembly flow charts are presented In the later

sections where the assembly procedures are discussed.

RELEASE
DESIGN
AND
SPECIFICATIONS

'"•• TRUHEN.IUM iABSORBER

COMPONENT COIL ABSORBER/ FINAL
• ' COMPONE NT SUBASSEMBLIES

AND PARTS THRUSTER/ ASSEMBLY
FABRICATION • PRESSURE AND ,,=,h • ,BACKPLATE ,,K ,, ," AND LE.AK

TMEAUESU1BASSEMBLY CHECK

;. •.•iOTHER COMPONENTS

Figure 137. Simplified Fabrication and Assembly Sequence
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S The final assembly layout was updated for Phase III and is shown in Fig. 138.

Table 16 shows the assembly parts list.

The vacuum chamber window specification is presented in Appendix A. While

Ru,..ketdyne did not provide thmis component as part of the solar rocket ground

test article, reeomuendations were made on suppliers for tbe window and the ZR

coatin&.

COM4POVENT FABRICAT ION

The major co~.jonea4 groups for the solar rocket ground test article included

the following:

1. Rhnnium, Tubing 5. Inlet Insulation
2. Graphite Components 6. Thermocouples

3. Vacuum Chamber 7. Rhenium Thruster

4. Radiation Shields

INTERMEDIATE

RAADIATION
SHELS NSLAIO

THRUSTRETAINER

SHIELDO SCASE

THRUSTER PUGI MOUNTE

BAADAPTER

~ i~te 36. 'inl Asorbr/Truser fasin L Iyout
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TABLE 16. SOLAR ROCKET ASSEMBLY PARTS LIST

Jf

ITEM DESCRIPTION REQUIRED

I T N M
*_ IAP81-067-011 T-77B-36BAE(8.1) N48 MOD THERMOCOUPLE (*) 10

APB1-067-021 T-77B-30BAE(8.1) N48 MOD THERMOCOUPLE (*) 6
AP81-202-001 GRAPHITE PLUG ASSEMBLY 1

204-OC1 GRAPHITE BASEPLATE ASSEMBLY 1
205-003 GRAPHITE CASE 1
216-001 VACUUM CHAMBER CYLINDER ASSEMBLY 1
335-001 RADIATION SHIELD 1
336-00 ABSORBER INLET IMSULATION RETAINER 1
337-001 ABSORBER INLET INSULATION ASSEMBLY 1
338-001 THRUST SHIELD 1
339-001 BASEPLATE INSULATION ASSEMBLY 1
340-051 ABSORBER/THRUSTER ASSEMBLY 1
"349-001 VACUUM CHAMBER BACKPLATE ASSEMBLY 1
391-003 MOUNTING ADAPTER I
393-001 BOLT RING ASSEMBLY 2
409-001 STUD/WASHER ASSEMBLY 1
419-001 CROSSOVER PROPELLANT LINE I

AP83-029-003 ADAPTER RING 1
AP84-029-003 5

* 029-005 INCOLOY 903 ADAPTER LINE 1
046-001 SECONDARY (BASEPLATE) INSULATION 1
096-003 PLEXIGLAS COVER 1
103- CHAMBER PRESSURE EXTENSION 1

"NA 107-003 CHAMBER-PRESSURE TUBE SHIELD 1
-AS 1102E4-12 (SILVER PLATE) SCREW 12
NAS 1351N54 H 40 SCREW 24
RD111-1009-0836 BOLT 8
RD111-1006-0445 BOLT 24
RD114-8005-1004 NUT 24

¾ R0153-5009-0001 WASHER 24
R0153-5002-0004 WASHER 24
L0153-0013-0006 WASHER 8
SPSPLI-4-2.9 (A286) WASHER 24
SYLVANIA WB-110315 x 0.5 BOLT 3
SYLVANIA WN-110319 NUT 3
RE261-3005-1006 K-SEAL 1
"PARKER 8914-2101-1250 MARK II SEAL I
PARKER 2-379 (V747-75) O-RING I
AN815-63 UNION 1
"AN806-63 PLUG 2
CRAWFORD FITTING CO. SS-200-6 SWAGELOK UNION 1
RHENIUM 0.007 DIAMETER WIRE 5 FEET
R RHENIUM 0.006 x 0.125 FOIL 7 FEET
RHENIUM 0.006 x 0.250 FOIL 15 FEET

• RE261-3001-0003 CONICAL SEAL 2
RE261-3001-0007 CONICAL SEAL 2

(*)ARI INDUSTRIES
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Fabrication of each of these component areas is discussed in the sections that

follow. A flow chart for the rhenium components (tubing and thruster) is

shown in Fig. 139.

Rhenium Tubing

Fabrication of the rhenium tubing for the absorber cavity was accomplished by

a specialty vendor (Ultramet) using the chemical vapor deposition process

(CVD). In this process, rhenium is built up by CVD on a vertical molybdenum

mandrel of 0.204 cm (0.100 Inch) OD to sufficient thickness to give the

desired OD and wall thickness after final surface grinding. Generally, the

process was interrupted once or twice and the mandrel inverted, since the CVD

buildup tends to be greater toward one end. The mandrel and CVD buildup was

*, just over 0.914 m (3 feet) in length. The deposition process itself took 1 to

* 2 days. Removal of the mandrel by chemical dissolution initially took over a
week; however, introduction of a two-step dissolution process shortened

this time somewhat. The individual 0.914 m (3 feet) lengths were centerless

ground to the specified OD. The tubes were then annealed to give complete

~ •recrystallization.

Tube Inspection. All of the 26 tubes (approximately 25.6 m or 84 feet)

received from the vendor were inspected for defects and all defects were
characterized so that the best tubes could be placed in the "hot zone" of the

absorber.

Typical tube defects are shown in photos in Fig. 140 through 142. Represen-

tative pits magnified 32-times are shown in Fig. 140. The numbers shown below

each photo denote the tube number. Each tube was numbered so that the charac-

teristics could be correlated with a particular tube. An example of the

*! loosely deposited material is illustrated in Fig. 141 for tube No. 5. Nodules

and depression defects are presented in Fig. 142. The depth of the pits was

measured optically and a nominal wall thickness beneath the pits was estab-

lished using vendor measurements of the tube outside diameter and assuming a
concentric tube. The minimum wall thickness are presented in Table 17 and as

shown, a few of the tubes were free of pits. The range of minimum tube wall
thicknesses and the corresponding tube numbers are shown in Table 18.
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TABLE 17. RHENItUM TUBE MINIMUM WALL THICKNESS DATA

Data based on a mandrel OD of 0.100 +0.0005 inch, tube OD data.

measured by micrometer (supplier data).

Average Mandrel Wall Defect Miniaum
Tube OD, OD, Average, Depth, Wall,

No. cm (inch) cm (inch) cm (inch) cm (inch) cm (inch)

1 0.3110(0.12245) 0.254(0.100) 0.02845(0.0112) 0.0023(0.0009) 0.0262(0.0133)

2 0.3170(0.1248) 0.254(0.100) 0.0315(0.0124) - 0.0315(0.0124)

3 0.3261(0.1284) 0.243(0.100) 0.0361(0.0142) - 0.0361(0.0142)

4 0.3114(0.1226) 0.254(0.100) 0.0287(0.0113) - 0.0287(0.0113)

5 0.3124(0.1230) 0.254(0.100) 0.0292(0.0115) 0.0074(0.0029) 0.0218(0.0086)

0.0031(0.0012) 0.0262(0.0103)

0.0206(0.0081) 0.0086(0.0034)

0.0091(0.0036 0.0201(0.0079)

6 0.3246(0.1278) 0.254(0.100) 0.0353(0.0139) 0.0150(0.0059 0.0203(0.0080)

7 0.3109(0.1224) 0.254(0.100) 0.0285(0.0112) 0.0285(0.0112)

8 Data Lost

"9 Data Lost

'V 10 Data Lost

11 0.3086(0.1215) 0.254(0.100) 0.0272(0.0107) 0.0142(0.0056) 0.0130(0.0051)

0.0142(0.0056) 0.0130(0.0051)

0.0051(0.0020) 0.0221(0.0087)

0.0094(0.0033) 0,0188(0.0074)
0.0097(0.0038) 0.0175(0.0069)

0.0084(0.0033) 0.0188(0.0074)

0.0140(0.0055 0.0132(0.0052)

12 0.3068(0.1208) 0.254(0.100) 0.0264(0.0104) - 0.0264(0.0104)

13 0.3071(0.1209) 0.254(0.100) 0.0264(0.0104) 0.0051(0*0020) 0.0213(0.0084)

0.0043(0.0017) 0.0221(0.0087)

0.0048(0.0019) 0.0216(0.0085)

14 0.3155(0.1242) 0.254(0.100) 0.0307(0.0121) 0.0038(0.0015) 0.0269(0.0106)

2.,4
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' ) _ TABLE 17. (Concluded)

Average Mandrel Wall Defect Minimum
Tube OD, GD, Average, Depth Wall,

No. cm (inch) cmn(inch) cm (inch) I (inch)

15 0.3155(0.1242) 0.254(0.100) 0.0307(0.0121) 0.0058(0.0023) 0.0249(0.0098)
1 16 0.3056(0.1203) 0.254(0.100) 0.0257(0.0101) - 0.0252(0.0101)

17 0.3099(0.1220) 0.254(0.100) 0.0279(0.0110) - 0.0279(0.0110)
18 0.3114(0.1226) 0.254(0.100) 0.0287(0.0113) 0.0132(0.0052) 0.0135(0.0061)
19 0.3071(0.1209) 0.254(0.100) 0.0264(0.0104) 0.0013(0.0005) 0.0252(0.0099)
20 0.3099(0.1220) 0.254(0.100) 0.0279(0.0110) - 0.0279(0.0110)

21 0.3167(0.1247) 0.254(0.100) 0.0312(0.0123) - 0.0312(0.0123)
22 0.3058(0.1204) 0.254(0.100) 0.0259(0.0102) 0.0203(0.0080) 0.0056(0.0022)

23 0.3104(0.1222) 0.254(0.100) 0.0282(0.0111) 0.0279(0.0111)
24 0.3185(0.1254) 0.254(0.100) 0.0323(0.0127) 0.0074(0.0029) 0.0249(0.0098)

0.0140(0.0055) 0.0183(0.0072)

0.0013(0.0050) 0.0136(0.0077)

0.0081(0.0032) 0.0241(0.0095):..1 0.0061(0.0024) 0.0262(0.0103)
- 25 0.3109(0.1224) 0.254(0.100) 0.0285(0.0112) - 0.0285(0.0112)

26 0.3193(0.1257) 0.254(0.100) 0.0325(0.0128) 0.0038(0.0015) 0.0287(0.0113)
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TABLE 18. RHENIUM TUBE MINIMU WALL THICKNESS RANGE CHARACTERIZATION

Minimum Wall Thickness by Range: 0.0023 cm (0.0009 inch) Increments

Range. cm (inch) Tube Numbers

O.0053-0.0076 (0.0021-0.003) 23

0.0079-0.0102 (0.0031-0.004) 5

0.0104-0.0127 (0.0041-0.005)

"0.01295-0.0152 (0.0051-0.006) 11

0.0155-0.0178 (0.0061-0.007) 18

0.0180-0.02ij (0.0071-0.008) 6, 26

0.0206-0.0229 (0.0081-0.009) 13

0.0231-0.0254 (0.0091-0.010) 15, 19

0.0257-0.0279 (0.01C1-0.011) 1, 12, 14, 16, 17, 20

0.0282-0.0305 (0.0111-0.012) 4, 7, 24, 27, 28

0.0307-0.0330 (0.0121-0.013) 2, 21

0.0333-0.0356 (0.0131-0.014) -

S0.0358-0.0381 (0.0141-0.015) 3

NC. The minimum or sound wall thickness ranged from 0.0053 cm (0.0021 inch) to

0.0387 cm (0.015 inch) thick. A tube section with a sound wall thickness of

0.0155 cm (0.0061 inch) was selected for testing. The testing of this tube
2was conducted at 2000 C (3632 F) and 68.95 N/cm (100 psi) internal Argon

% 6L gas pressure, and the tube was bent with a 4.445 cm (1.75 Inch) radius so as

to apply the maximum tensile stress to the pit area. No leakage was recorded

during this test. Therefore, it was decided to accept any tube with a sound

wall thickness greater than 0.0178 cm (0.007 inch) with 0.0025 cm (0.001 Inch)

'• safety factor--15% of the tested article. On this basis, four tubes were

rejected and were replaced by the vendor. In addition, three more tubes were

ordered (and received) to accommdate the weld sample tests, the pressure/

4,. %temperature tests and bend tests (by the absorber tube coiling vendor).
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Investigation of the other two defects observed in the tubing (the low density

surface and appearance of nodules) indicated these deflects would not affect

the function of the tubing. The low density surface (fuzz) was only approxi-

mately 0.0051 cm (0.002 inch) deep. The tubes with nodules were subjected to

a double annealing procedure, and this type of structure was felt to be

stabilized and would not affect the function of the tubing.

Tube Weld Joinin&. Because the CVD rhenium tubing was only available in

lengths of approximately 3 feet, the tube sections were required to be joined

to form the total length required of approximately 5.18 m (17 feet). The tube

joining by a weldment approach was based on the Materials and Process evalua-

tion conducted in Phase II. Both electron beam welding and laser welding were

considered for this process in Phase III.

Electron beam (EB) welding requires that operation be conducted in a vacuum to

avoid beam distortion. Because of the long length of the tube assembly 5.18 m

(17 feet), concern existed as to whether a facility with a sufficiently large

vacuum chamber would be available.

In order to avoid solutions such as winding the tubes as they are welded,

unwinding them and finally annealing the 5.18 m (17 feet) sections, U-ser

welding was considered. Laser welding does not require a vacuum chamber and

therefore allows the tubes to be welded in straight sections. Weld samples

were prepared at Rocketdyne and a local vendor was identified to conduct the

weld sample test.

Weld samples for both EB and the laser welding process were sectioned and

micrographs prepared (Fig. 143 and 144). Evaluation of these samples indi-

cated that the laser weld problems were material oriented and that acceptance

criteria would need to be established. EB and laser welding were considered
%'..

8.• equivalent, except that &B welding in a vacuum environment should not result

in weld contamination, while laser welding in an inert environment could

result in contamination if the inert gas management is incorrect. Although

the final total rhenium tube lengths were long (approximately 5.18 m (17

feet], a 9.14 m (30 feet)) vacuum chamber was located at an experienced EB

* welding vendor. As a result of this investigation, EB welding of the rhenium

tube, using a sleeve joint configuration, was selected.
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Rhenium Tube Sleeves. Because the outside diameter of the rhenium tubing

varied from 0.305 cm (0.120 inch) to C.326 cm (0.1285 inch), a number of dif-

ferent size sleeves was required. The number of sleeve sizes required to

assemble the rhenium tubing into 5.18 m (17 feet) lengths was minimized at

three. The ends of the tubes were reworked, as Lequired, to fit the sleeves.

This was much less expensive than ordering eight sizes of sleeves and also

"reduced pits, nodules or low density material in the weld region.

Tube Coiling. The feasilbility of coiling the fire parallel-tube assembly was

investigated during the Materials and Fabrication Process Evaluations of

Phase II. To minimize the problems which could be encountered in coiling the

rhenium tube assembly, further evaluation of tube coilhng procedures was con-

ducted in Phase III, using the previous tooling. Stainless steel tubing was

used because it has coiling characteristics similar to rhenium.

Two absorber mockups were successfully coiled using stainlcsp steel tubing.

The first moo. "up unit is shown in Fig. 145.

It was determined from the mockup that the control of the inlet/discharge area

'Ii... geometry would require some template hardware. To this end, a dummy split

plug and a dummy split plate were fabricated from aluminum. Thass templates

assured that the inlet and discharge tubes were properly bent/located and

allowed some minor modifications to the she.e of the inlet tubes (an Improve-

ment in the bending procedure). The aluminum plug assembly was also used to
size the tubes before the graphite plug was installed.

Graphite Components

The material selected for the plug, the nut, and ths baseplate was POCO

graphite to obtain high-strength carbon and thermal expansion characteristics

similar to rhenium. Ultra-carbon YU-605T was selected for the absorber

graphite case. All graphite components had a protective rheiaum coating to
prevent sublimation of the graphite during high-temperature vacuum operation.

220
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71AX6 1-4/6/83-CIA

Figure 145. Absorber Stainless Steel Mockup No. 1

Graphite Case. The graphite case which houses the coiled rhenium tube

absorber was fabricated by Ultra-Carbon. A visual inspection indicated a well

fabricated part and good fit-up with the graphite baseplate was obtained. The

part is shown in Fig. 146. The rhenium coating of this part was accomplished

by Ultramet and since certain portions of the cases were not initially coated,

some recoating was required.

,Grahite Plui. The graphite plug which closes out the hole in the hemispheri-

cal ead of the coiled rhenium tube assembly was completed and received. After

the rhenium coating was applied, an interference fit of the rhenium coated

graphite plug and ring existed in the mating threads. The coated graphite

plug was returned to the vendor for rework of the threads. The rework required

stripping the coating and recoating after modification of the threads.
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Graphite Nut and Split Baselplate. The absorber graphite nut and baseplate

were completed and received from POCO. A visual inspection of the components

indicated high quality, well fabricated parts. The split baseplate and nut

are shown in Fig. 147, along with the threaded end of the graphite case. The

baseplate is shown installed into the end of the graphite case in Fig. 148.

These components were also coated with rhenium several times to provide com-

plete coverage.

Vacuum Chamber

The vacuum chamber assembly included an outer shell and an inner cylinder,

both fabricated from 347 corrosion resistant steel, and a backplate fabricated

of Incoloy 903. The fabrication was completed by a vendor (Trimodels). The

outer shell (Fig. 149) resulted in a length shorter than the design value and

a fix involving a brazed spacer ring was required. The spiral wire which

formed the spiral coolant passage was successfully welded to the inner

cylinder also completing this part.

Vacuum Chamber Backplate. To reduce material cost and lead time for the

Incoloy 903 material for the baclcplate, existing in-house forgings were util-

ized. To use the existing forgings, a slight design modification was required

to the backplate design. The 903 Incoloy material for the part was slightly

smaller in diameter than the original design. Therefore, the outer coolant

passage was made narrower but its depth was increased to provide the same

coolant flow area. The transition into the second spiral passage was accom-

plished by an increase in width and a decrease in depth.

Some difficulty was experienced in obtaining vendor bids on fabrication of the

split backplate insulation. The primary concerns were: (1) small thickness

leading to holes completely through the piece (material integrity), and (2) a

warpage of the part due to the sintering of a small thickness-to-diameter

ratio part. After considering alternative insulation materials, a satisfac-

tory bid was received for rigidized zirconium oxide insulation which provided

the desired low thermal conductivity material.
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Figure 149. Vacuum Chamber Outer Shell
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The insulation was held in place by six tungsten bolt assemblies attached to
the backplate. The tungsten bolt assemblies were welded to the backplate.

As a result of a design change in the attachment of the rhenium absorber to
the backplate, a secondary rigidized zirconium oxide insulation layer was
added over the primary layer. The secondary layer is attached to the primary
layer with high-temperature staples made from tungsten-rhenium.

Radiation Shields

Vendor fabrication (Sylvania) of the radiation shields included the shields
for the absorber and for the thruster. The completed absorber radiation
shield assembly is shown in Fig. 150 with the two tungsten and two molybdenum
radiation shields and with Alfrax insulation sandwiched between two molybdenum

shields.

_ The thruster shield, fabricated from twtalum, was to be rhenium coated to

S • avoid hydriding in the event of a hydrogen leak. Investigation of this poten-
tial problem indicated the probability of tantalum hydride formation was small
and should not present a problem if precautions (inert purges) are taken in

the event of a hydrogen leak. Therefore, rhenium coating of the tantalum
thi-ister radiation shield was eliminated. The thruster shield was received
from the vendor and had a dimensional problem; a 0.129 cm (o.050-inch) gap
between the bolting surfaces (2 places). The part was reworked to remove this
gap between the bolting surfaces.

Inlet Insulation

Fabrication of the high density aluminum oxide inlet insulation (Mullfrax 202)
I .. was completed by the vendor (Carborundum). A stack-up of the insulation bricks

with the heat shield and the inlet insulation retainer demonstrated an excel-
lent fit. A cold temperature gap existed between each of the bricks which
measured 0.051 cm (0.020 inch) to 0.076 cm (0.030 inch). Once the assembly

-.• was heated (including the heat shield), the gap was calculated to be 0.079 cm
(0.031 inch) to 0.091 cm (0.036 inch). A zirconium oxide fiber material was

° used to fill and control the gaps.
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The bricks, as received, had a reddish deposit on some of the brick surfaces

(the material is white). Carborundum was contacted and indicated that the

deposit is caused by a fuel flash in their oil-fired furnace. The bricks were
N heated in a vacuum furnace for 1 or 2 hours to drive off the vacuum removable

-- _ , material.

Thermocouples

Selection of the thermocouples to be used in the hardware was re-evaluated due

to the very high temperature operation. Discussions with a thermocouple vendor
indicated that the thermocouples required were not standard. All thermocouples

pass through a region of 2478 K (4000 F) and six of the 16 thermocouples must

be capable of measuring temperatures of 2644 K (4300 F) to 2756 K (4500 F).

Although the environment is to be a vacuum, the theriocouples should be capa-

ble of tolerating high-temperature exposure to hydrogen in the event of a leak

in the rhenium tube assembly. Otherwise the thermocouples would have to be

replaced if a hydrogen leak occurred. This single failure environment created

a material compatibility question with existing high-temperature thermocouple

sheathing materials which included tantalum and moly-rhenium.

The investigation of tantalum carbide formation with the tantalum thruster

radiation shield concluded the probability of formation was small and there-

fore tantalum appeared to be the best choice of material for the thermocouple

sheathing. This choice was based on improved flexibility (ductility) at room

temperature for thermocouple installation, compared to moly-rhenium sheath

material, the other candidate. In addition, thermocouple cost was expected to

be reduced.

The final configuration was the tantalum-sheathed tungsten/tungsten-rhenium

thermcouples. The thermocouples were to be grounded junctions with a mechani-
IW •cal lock backup for the welded hot junction. This ensured an extended life

expectancy for the junction as compared with a welded-only tip.
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Rhenium Thruster

Fabrication of the rhenium thruster was successfully completed (Fig. 154) and

dimensional cheeks were performed. Initial concern was that the thruster

could not be chemically vapor deposited (CVD) in one piece due to the complex

shape, but through unique gas flow tooling design a one-piece thruster was

successfully fabricated by Ultramet (Fig. 151 and 152).

The results of the dimensional checks of the fabricated rhenium thruster are

illustrated in Fig. 153 and indicated a variation of the thruster wall thick-

ness from a minimum of 0.0889 cm (0.035 inch) to a maximum of 0.2413 cm
(0.095 inch). The nominal design wall thickness was 0.1975 cm (0.062 inch).

In the combustion chamber section, the wall was a maximum of 0.2413 cm

(0.095 inch) and reduced to 0.1016 cm (0.04 inch) in the thruster throat.

Also, the sine-wave section of the thruster exit resulted in a maximum wall

thickness of 0.2159 cm (0.085 inch) on the inside crown and was 0.0889 cm

(0.035 inch) at the thruster-to-backplate braze joint. Therefore, although

the thruster had been fabricated in one piece by the CVD process, a wide range

of thruster wall thicknesses resulted. A brief assessment of the structural

characteristics of this as-deposited part indicated that a thicker actual min-

imum wall thickness was required.

To more thoroughly assess the structural adequacy of the thruster for the

as-deposited configuration, the original finite element stress analysis model

was modified. However, since it was felt that the 0.216 cm (0.085 inch)

thickness in the sine wave section would result in an undesirable increase in

thermal strains, a constant wall thickness of 0.089 cm (0.035 inch) was

k .2 assumed for this region. This could be accomplished through grinding down of
the thick section.
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Figure 151. Rhenium Thruster (akie
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=1_ MISSING

* Figure 153. Nominal Rhenium Thruster Design and
As-Deposited Configuration

In the finite element -tress analysis, two load cases were considered:

1. Steady-state temperature d.st lbutiotu. plus iiruster internal pressure

"2. 20.68 N/cm2 (3C psi) purge pres.ure

Analysis results for the first load case are swcarized in F4-. 154. The cal-

culated strain values resulted in a minimum predicted life of 200 cycles based

on predicted minimum materia' properties. Results for the second load case

indicated that large factors of safety exist for a 20.68 U/cm2 (30 psi)

purge pressure (ultimate strength safety factor of greater than 25). Based on

these results, and the fL-ct that the changes in the thruster r.oetry Should

not adversely affect the st -ess-rupture life, it wa2 concluded that the

as-deposited thrui ler was ;tructurally adequate once the sine-wave section was

ground to 0.089 cm (0.035 .rach) thickness.
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"'ID

C.. .

STRAIN ....

LOCATION TEMPERATURE. K (F) NA __

"A 944 (1240) 0.29 >1000
"A a 969 (1267) 0.47 500
C 142212100) 0"19 >1000
0" • 2339 i3760) 0.00 >low0

:••iE 2572 (4170) 0.26 200

Nr- Th1eal ryr1%et to flulkre

"W%

1 Figure 154. Peak Strain Summs ay for fiheniutiu Thruster

-urther inspection of the completed rhenium thruster. in the region to bW

brazed to the incoloy 903 adapter ring disclosed a depression (naxicim of

0.022 = or 0.085 inch) in the region of the braze joint. Tht depressioti

could result In an unsatisfactory braze joint and therefora a rework was

performed. The brazing joint -u-face was built up with additionS1 rheanium and

the surface satisfactorily reg-oQnu.

Inspection also revealed that the axis of the thruster was *pproximatoly 3
desrees of f from perpendicular to the base section. It was suspected that at

some point in the various reworks, the thruster -oil canned- about the thin

section In the base convolution. go rawork cojl4 be perfomed to correct this

discrepancy. The thrust misaligrzent of this no~z•.e va correctod by adjustinS

the orientation of the thruster within the vacuI= chaiz.
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ABSORBER COIL SUBASSEMBLY

All of the rhenium tubes, including replacement tubes, were inspected, num-

bered, and grouped into 5.18 cm (17 foot) assemblies (Fig. 155). Two of the

assemblies are made up of six tubes each and three of the assemblies are made

up of five tubes each. The tubes were joined together using 0.508 cm (0.200

inch) long sleeves (EB-welded to the tubes). The maximum allowable gap between

the tubes and the sleeve was 0.00254 cm (0.001 inch). Therefore, each of the

tube assemblies was arranged to match tube end diameters as closely as possi-

ble. Some of the tube ends were reworked to fit the sleeves.

A 14-step fabrication sequence for the absorber was established, as shown in

Table 19. The sequence wau based on a "least-risk" approach. The initial

sleeve welds (Step 3) assured that the right sleeve remained with the right

tube. Step 5A allowed one of the more difficult bending operations to be com-

pleted on easy-to-handle short tube lengths (and also allowed the replacement

or repair of the tube if a problem occurred).

Prior to proceeding with the actual tube-to-sleeve welds, weld samples were

processed. Some weld craters were developed during the welding process; they

apparently were caused by outgassing of the interlaminar region of the tubing.

Some modifications in the welding procedure were suggested by Material and

Processes personnel and were incorporated.

.After modification in the rhenium tube welding procedure, the initial sleeve-

"A" t.-tube welds weave successfully completed (Step 3). Two of the tube welds

experienced burn-through but were successfully reworked with replacement

"sleeves. Visual inspection of the welds indicated excellent fusica was

achieved.

The tubes were forwarded to another vendor for annealing (Step 4) to ensure

ductile tubes for the coiling process. The annealing (stress relieving) of

all the rhenium tubes was successfully completed following the final selected

annealinE proceduee in which the tubes were placed in a vacuum furnace at 1772

+14 K (2730 +25 F) for 3 hours and then furnace cooled to '11 K (100 F).
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TABLE 19. ABSORBER FABRICATION SEQUENCE

1. TUBE INSPECTION

2. ULTRAMET SLEEVE/TUBE FITUP

3. EB WELDING INCORPORATED TO WELD ONE SIDE OF SLEEVE ONLY

4. SCARROT HEAT TREAT, ANNEALING

5a. PRECISION TUBE BENDING TO PREBEND TUBES 44, 46, 47, 41, 42

5b. EB WELDING INCORPORATED TO COMPLETE 14 FOOT SUBASSEMBLY

A 6. EB WTLDING INCORPORATED TO COMPLETE 17 FOOT ASSEMBLIES

7. PRECISION TUBE BENDING TO FORM ABSORBER FOR P/T TEST

B 8. EB WELDING INCORPORATED TO ASSEMBLY P/T FITTINGS TO ABSORBER

C 9. TO PERFORM P/T PROBE TEST

10. TO PERFORM P/T TEST

11. ULTRAMET TO REMOVE P/T FITTINGS EXCEPT THRUSTER HEADER

12. EB WELDING INCORPORATED TO ASSEMBLE P TUBE AND THRUSTER

TO ABSORBER

13. PRECISION TUBE BENDING TO COMPLETE INLET BENDS TO ABSORBER

0 AND E 14. ROCKETDYNE TO ASSEMBLY ABSORBER/THRUSTER. TO VACUUM CHAMBER

BACKPLATE

NOTES:
A. 18-FOOT RIGID 3)NIIPPING CONTAINER REQUIRED
B. WELD SAMPLES RrWNIRED
C. ESTABLISH P/T lEST PROCEDURES AND ASSEMBLY TEST

EQUIPMENT
0. PROVIDE MANDREL FOR ABSORBER
E. INSTALL GRAPHITE PLUG PRIOR TO ASSEMBLY

. 4'23
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The five tubes identified to be located in the hot end of the absorber

(attached to the thruster) were delivered to the tube bending vendor for pre-

liminary forming (Step 5). The prebending on tubes 44, 46, 47, 41 and 42 was

successfully completed and the tubes were then sent to the welding vendor

(Steps 5b and 6). Following successful welding, the tubes were leak-checked

and sent to the tube coiling vendor (Step 7) where they were coiled into the

solar absorber configuration (Fig. 156) as defined by the requirements for the

subsequent pressure/temperature test.

Rhenium Header Plates

To complete the absorber assembly for the pressure/temperature test, rhenium
header plates were required. The initial design configuration is illustrated

in Fig. 157. In this configuration, the rhenium tubes were individually EB

welded into the Powder Metallurgy (OW) header plate at both the thruster and

the inlet end of the coiled rhenium tube absorber. The tube-to-plate weld was

located at the end of the tube. The subsequent fabrication step was to EB-weld

Sthe closeout cap (PM rhenium to the header plate.

Two rhenium powder metallurgy billets were procured for the header plates.

The parts fabricated from this material are shown in Fig. 158 (zones 6 and

7). Figure 158 depicts the inlet end (cold end) and the discharge end (hot

end) of the absorber as it was configured for the pressure/temperatuce test.

The cut line shown was where the closeout plate could subsequently be removed

so that the thruster could be welded in place for the final assembly.

Following evaluation of PM weld samples, the c•iled rhenium tube absorber was

assembled and the rhenium tube-to-thruster cap welds and the closeout welds

successfully completed for the pressure/temperature test. The pressure/

temperature configuration is depicted in Fig. 159.
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THRUSTER HEADER

-6.00-,

P, INLET
HEADER

PRESSURErTEMPERATURE TEST

Figure 157. Rhenium Tube-to-Header Plate Design Configuration

Absorber Coil Subassembly Pressure/Temyerature Test

The absorber coil subassembly was subjected to an intenal pressure of 100 psig
helium with the assembly in a vacuum chamber at approximately 1644 K (2500 F).

This test is essentially a high-temperature leak test of the assembly. The
test plan included checkout of the vacuum furnace for leaks and maximum tem-

perature and then testing the vacuum furnace with a section of rhenium tubing

at the test conditions prior to running the test on the absorber.

The equipment required to build up the absorber for the pressure/temperature

test included a graphite support mandrel (Fig. 157). To prevent the formation

of rhenium carbide between the mandrel and the absorber, it was planned to

coat the mandrel with titanium carbide. However, this coating was tested in a

vacuum furnace and found to be unsatisfactory and a zirconium-oxide coating

was substituted.
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A

VIEW A

DISCHARGE TUBES

CHAMBER 60
PRESSURE 60

TU E A

ABSORBER

(0 REQUIRED)-

VIEW B
M N E*INLET TUBES

MANDREL

(1 REQUIRED)

VACUUM
FURNACE
FLOOR

"Figure 159. Pressure/Temperature Test Configuration
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* Figure 160 is a schematic of the test configuration. Prior to testing the

actual absorber, a rhenium tube probe sample was run in the furnace to verify
that the furnace system operated as required and no rhenium oxidation
occurred. Additionally, the rhenium wire attachment of the tungsten-rhenium
thermocouples to the absorber tube was tested. The schematic of the probe

test configuration is shown in Fig. 161.

-,/ The test was run with the coiled tube absorber supported on an alumina cruci-

"ble. The pressure/temperature test of the absorber coil subassembly was sat-

isfactorily completed. The subassembly was tested in a vacuum chamber at
21473 K (2500 F), and with an internal tube pressure of 68.9 Nlcm (100 psi)

'helium. Two small leaks were detected in the tubing. The estimated leak rate

was 10-6 % of total flow, which was deemed acceptable.

VACUUM FURNACE

TEMPERATURE

SERPRESSURES

UVACUUM

PPUI

ABSORBER ABSu FuRBceE ARm•I•;PRESSURE PRESSURE

-.. ... . ABSORBER

:• Figure 160. Preseure/Temperature Furnace Assembly
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RHENIUM VACUUM FURNACEPROBE_
THERMOCOUPLE

"• • ~RHENIUM
WRAP TEMPERATURE

7PR ESUR E

I FURNACE
• VACUUM

I PUMP
PROBE PROBE
PRESSURE PRESSUR E

,• CONTROL

|VACUUM
PUMP

S• Figure 161. Probe/Thermocouple Test Furnace Assembly

The absorber coil subassembly was prepared for assembly to the thruster

adapter ring and the vacuum chamber backplate. The subassembly was returned

to the tube banding vendor where the inlet tubes were formned to the finnI con-

.•figuration. The Incoloy 903 absorber inlet lines (and the chamber pressure

Sline) were nickel plated on the sleeve ID. The inlet lines were then bent to

S~their final configuration and nickel plated an their OD. The chamber pressure
i• jumper tube was kept in the straight condition, but it was also plated on its

.•OD.
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ABSORBER/THRUSTER/BACKPLATE SUBASSEMBLY

The assembly procedure was to braze the adapter ring to the thruster at high

temperature, then to induction-braze the inlet tubes and the chamber pressure

tube and to EB-weld the thruster to the absorber tubes and finally EB-weld the

adapter ring with the thruster to the backplate. The subassembly is illus-

trated in Fig. 162.

The braze alloy used in the brazing of the Incoloy 903 adapter ring to the

rhenium thruster was evaluated with sample tests. The selected braze alloy

was Palniro ONE (50% gold, 25% nickel and 25% paladium) and the braze tempera-

ture was 1408 K (2075 F). Palniro ONE proved to be a less agressive (less

diffusion into the parent material) alloy with the Incoloy 903 than Palniro

SEVEN which was also evaluated. On tha basis of the braze sample evaluation,

design was completed on tooling to braze the adapter ring to the thruster

(Fig. 163). The thruster/adapter ring brazing was successfully completed.

The five propellant inlet tubes to the absorber coil and the thruster chamber

pres-sure tube were to be induction-brazed to the vacuum chamber backplate. In

addition to the evaluation of the braze samples, an extensive study was con-

ducted of the joint between the rhenium tubes and the Incoloy 903 manifold. A

stress analysis indicated a possible low-cycle fatigue problem. The low-cycle

fatigue question was solved by adding a short Incoloy 903 jumper line between

the rhenium tubes and the manifold. The configuration is illustrated in

Fig. 164. A thermal analysis of the joint between the rhenium tube and the

Incoloy 903 sleeve indicated an operational temperature of 1256 K (1800 F).

Since this temperature is not acceptable, based on the strength of Incoloy 903

(the material shows very little strength at 1089 K/1500 F), the jumper line

was completely insulated, av shown in Fig. 164. The thermal analysis of this
, insulated configuration indicated an operational temperature of 933 K

(1220 F). This new design balances the expansions and the elasticity of the

two materials (using wall thickness) to reduce the stress/strain at the joint

to an acceptable limit. Following evaluation of the Incoloy 903 induction

braze samples the actual tube braze was satisfactorily completed.
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Figure 164. Abaorber/Dackplate Juwper Line Assembly

The assembly of the thruster to the vacuum chamber backplate involved Ea weld-
ing of the adapter ring to the backplate (Incoloy 903 to lacoloy 903) and EB
welding cif the thuster to the absorber tube coil.

the depth of the adapter ring-to-back plate ES weld was of concern and was
re-evaluated. A reduction of the w-eld depth would improve the chaneso of not
encoulnterir4 disbonding fr,= weldting and also of maini= itiga~ brtze alloy
rmigrstic~n. Based on a stress review, the f inal weld deapth W,4 set at 0.8G9 cm-
'+0.0635 cm (0.350 inch :0.025 inch). Weld sazlas eri-e thewlatws

Tb. hrard-ware was takent to Ul &l-diag vendor- vtare the thru~ttar wams welded to
the absorber col. The chambear pressure tube was then formed to its. flsal
configuaration, and the thrtr adpe in a nsre nto the b~aciplate

and welIdod. completiqS the assembly. T~he fthenium tuba cole aborberv and the*,
vecwn= chavmbr backplate asntbly iU Fhm~i I.15 ls-po the

coil;ed abeorber inlet and the top, of the rharniu thxvster- are. showv, In Fig.4 ~ ~ v 16 Aviw of the back of the b~alk$.ate is soniFi.167. The aozle

itis rhotýea in. this photograph.
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Figure. 166. Coiled Absorber/Backplate Assembly
Absorber Inlet and Thruster
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Figure 167. Backplate Assembly View Looking Forward
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S... FINAL ASSEMBLY

The final assembly was initiated by installing the graphite base, the thruster

-beat shield, and the graphite nut on the absorber/thruster/vacuum chamber

backplate subassembly. As part of this same operation, the primary and sec-

ondary rigidized zirconium oxide insulation were also installed. The thruster

thermocouples were also installed during this period. The actual procedure

required some fitting, assembly, and reassembly until all of the items were

compatible. The absorber thermocouples were then installed, starting from the

thruster end and working toward the absorber inlet end. Rhenium foil was used

to hold the thermocouples to the rhenium tubes.

After the thermocouples were installed, the graphite case was lowered over the

assembly and the split graphite nut was screwed into the graphite case. The

vacuum chamber was then installed on the final assembly fixture cradle

(Fig. 168). The radiation heat shields were thsi installed into the vacuum

chamber. The backplate subassembly (with thermocouples and graphite case) was

then bolted to the final assembly fixture while the graphite case was sup-

ported. After the backplate assembly was supported on the assembly fixture,

the vacuum chamber was moved forward so that the graphite case could be

inserted into the radiation shield. The backplate assembly was then bolted to

the vacuum chamber.

At this point the inlet insulation was installed with the retaining ring using

silver plated screws. The Plexiglas cover was then installed for the vacuum
- leak checks. The propellant jumper line and the various plugs were also

installed. The propellant jumper line, the plugs, and the thermocouple seals,

were only tightened for lak-testing. All of these joints will have to be

torqued for hot firing after the solar rocket assembly is installed into its

"test stand. This approach was selected on the basis that these items will be

* moved/opened/attached/etc., during stand installation. The final assembly is

shown in Fi&. 169.
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PLAT NOITED•U LT E

_:•"•-Figure 168. Solar Rocket Assembly Fixture

::;•The vacuum chamber was then evacuated for a leak-check. The objective was to

• .'•-'•'"leak-check the metal seal between the vacuum chamber and the backplate. All

•!•, of" the other joints were temporarily sealed. The hardware was vacuum pumped

•'• •-•Lfor several days to outgas the assembly as much as practical. The final pump-
Sin& achieved a vacuum of 10-3 tovrs. A minor helium leak was observed in

"•iithe metal seal joint. A slightly larger vacuum pump should have no problem

i.,,.,overcoming such a leak for pump down at the test site. It is believed that

•_•over a sufficient a~iunt of time 10- torca can be achieved; however. since

S~the hardware will not be installed for several months, and since it veally has

to be outgased at temperature 5000 R (4540 P). the pum~ping anld testing of the

-- "•hardware was terminated. The process will be resumed on tho test stand.

!::•-•The assembly was then packaged for shipment. usir4 a vibration damping con-

•'""tainer system. Finally. the assembly was shipped to AFRPL for future istal-

i"',•,lation into the test bed.
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4

* PHASE IV, SYSTEM SAFETY

A system safety evaluation of the grounded test hardware was completed with

the objective of protection of personnel, facilities and hardware in the event
q of a failure. This objective has been accomplished by identifying safety haz-

ards through a Preliminary Hazard Analysis (PHA), conducted per MIL-STD-882A.

The PHA identifies safety critical areas, evaluates hazards and recomends/

identifies safety, design and operational criteria for controlling or elimin-

ating identified hazards.

7.. ANALYSIS

In preparation for accomplishing the PHA, a Preliminary Hazard List (PHL) was
generated. The PHL listed potential hazards of concern and design criteria

recomnmendations for elimination/control of the hazard. The PHL aids the

designer in designing when possible, to eliminate the potential hazard. The

PHL is presented in Table 20.

SA PHA was accomplished using MIL-STD-822A, Section 5.5.1.1. Initiation of the

analysis was concurrent with the design effort to ensure that safety concerns

were systematically evaluated and appropriately integrated into the decision

making process for the system design.

The PH& (Table 21) includes the following Information:

1. Hazard Source identifies potentially hazardous conditions associated

with the proposed system which have been evaluated. These include

hazardous components, -safety related interface considerations among

"system elements such as material compatibilities, environmental con-

straints, and other sources of potentially hazardous conditions.

2. Operation Phase defines the activities when the hazard could accur.

3. Hazard describes the possible effects of the hazard source, including

Sany jeopardy to the test hardware, pe-sonnel. and interfacing facil-
'./. ity and equipment.

4..



TABLE 20. PRELIMINARY HAZAIR LIST (PILL)

HAZARD HAZARD CONTROLS AND RECOMMENDATIONS

* CONTAMINATION s WINDOW COOLING PURGE
# PERFORMANCE DEGRADATION o TEMPERATURE MONITORING OF ABSORBER

ADVERSE LOCAL HEATING OF WINDOW a PREOPERATION VERIFICATION OF WINDOW
CLEANLINESS

o PLUGGING OF LINES

* STRUCTURAL FAILURE 9 MATERIALS SELECTION
a CONTAMINATION o COOLING OF HEAT SHIELD BY LH2
s COMPONENT FAILURE * WINDOW COOLANT AND EJECTOR G!2

PURGES
* INADEQUATE MATERIALS 9 SAFETY DESIGN MARGINS
a HIGH TEMPERATURE OXIDATION e DETECTION OF WINDOW COOLANT OR LH2

FLOW FAILURE
s UNPROVEN MANUFACTURING TECHNIQUES * VACUUM ENCLOSURE AROUND ABSORBER

* TEMPERATURE MONITORING OF ABSORBER
o SYSTEN COOL DOWN PRIOR TO EXPOSURE

TO AIR
. SELECTION OF PROVEN MANUFACTURING

TECHNIQUES USED PREVIOUSLY

* INSUFFICIENT SHIELDING. PROTECTION * ADJACENT EQUIPMENT PROTECTION FROM
AND/OR ISOLATION OF ADJACENT EQUIP- THRUSTER EXHAUST PLUME
MENT FROM INTENSE HEAT RADIATED o ABSORBER SURROUNDED BY CARBON SHELL
FROM ABSORBER AND ENCLOSED IN COOLED HEAT SHIELD

" VERIFICATION OF SYSTEM COOLDOWN
PRIOR TO STOPPING LH2 FLOW AND
WINDOW COOLANT

* * EXCESSIVELY HIGH GAS PRESSURE IN 9 SAFETY uESIGN MARGINS
ABSORBER/THRUSTER WITH RESTRICTED a PREOPERATION INSPECTION-VERIFY NOI• EXHAUST PASSAGE OBTRUCTION

s FIRE/EXPLOSION/RUPTURE * DISPERSION OF H2 BY EJECTOR GN2
FLOW

o IGNITION OF H2  e PRESTART AND POST SHUTDOWN PROPEL-
LANT SYSTEM PURGE

s AIR ENTRY INTO THRUST/ABSORBER a SYSTEM COOLDOWN PRIOR TO EXPOSURE TO
AIR

s H2 LEAKAGE * POSITIVE PROPELLANT SHUTOFF
e * OVERHEATING OF PROPELLANT o IMPLEMENTATION OF REGULARLY SCHEDULED

" SUPPLY LINES AND STORAGE TANK LEAK TESTS
a PROTECTION AGAINST ABSORBER

CONVECTION/RADIATION HEATING
PROVIDED BY CARBON SHELL AND HEAT
SHIELD
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.- 4 Hazard Classification is per paragraph 5.4.3.1 of EIL-STD-882A, rang-

ing from Category 1 catastrophic to Category IV negligible.

5. Hazard Control identifies design and operational features which have

been incorporated into the system design and which provide controls

*• to reduce or eliminate potential hazards.

* 6. Remarks flags out recommended design/operational criteria and safety

critical areas where implemented deign or operational controls are

not adequate to eliminate or reduce potential hazards.

CONCLUS IONS

*• Tha major hazards of concern are structural failure, high temperature oxi-

dadtion and fire/explosion. These hazards arise from the chemical pressure and

theL-mal enet.gies of the hydrogen gas and solar heat flux.

The features of the couceptual design are generally adequate for control of

the critical and catastrophic hazards. The following design and. operational

criteria are recommended for additional hazard prevention.

1. Incorporation a refractory carbide lining within the carbon shell.

h 2. Investigate the incorporation of a shutter to control solar heat flux

through window.

3. Incorporate instrumentation for monitoring of LH2 propellant flows,

and for determining that hardware is adequately cooled during post-

shutdown.

4. Careful selection of heat shield seals.

5. Propellant shut-off valves should be located so as to minimize H2

reciduals following shutdown.
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6. Provide check valve in LH2 supply line.

7. Provide capability for inert gas purge should vacuum fail.

8. Operational test procedure recommendations:

a. Pretest inspections - verify window cleanliness and no obstruc-

tion at thruster exit

b. Prestart purge of propellant systemp.

c. Monitor absorber temperature prestart and during test

d. Establish vacuum within test chamber prior to LHi2 flow ini-

tiation

e. Postshutdown purge of propellaint system to expel residual H2

f. Regularly scheduled examination for evidence of leakage
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CONCLUSIONS AND 9ECOMMENDATIONS

The program which was conducted, selected a solar rocket thruster concept for

design, fabrication and future test demoustration. The concept selected was

the windowless heat exchanger cavity conf iguration and was chosen over other

concepts evaluated based on its good performance potential and its superior

rating in terms of minimum complexity, technical risk and cost. The test

demonstration design provided a projected specific impulse of 7930 Nsec/kg

(807 lbf sec/lbm) with a thrust of 3.69 N (0.83 lbf) and was the most viable

near-torm concept consistent with allocated funds and schedule.

CONTINUED TECHNOLOGY INVESTIGATIONS

To realize the full potential of the solar rocket concept, continued studies

are recomended on the higher temperature, higher specific impulse approaches

such as the windowless stationary porous cylinder, rotating bed and the

aerodynamic window concept. To make these approaches practical, further con-

ponent materials and component technology work is required -as defined in the

following.

Absorber and Thruster Wall Materials

The noar-term recommended wall material was rhenium, which limits the hydrogen

propellant temperature to 2777 K (5000 R). This limit in turn limits the

specific impulse and life.

Improved materials, such as carbon-carbon composites with a high temperature

carbide coating offer the potential for higher temr rature operation with

improved specific impulse and life. Many fabricability unknowns need to be

investigated, including the candidate coatings of tantalum, niobium, tungsten,

* and rhenium.

Window

Based on analysis of the data available, a quartz window with a Iridium-Tin

oxide IR coating was selected for the demonstrator design. Peoperty data was

265



scarce for windows and coatings and the properties vary widely with thickness,

polish and quality of material. Property data were generally presented at

room temperature and extrapolation to elevated temperatures was necessary,

which is a risky design practice.

Elevated temperature testing of window materials and IR coatings is recon-

mended to establish data in transmitivity and reflectivity. Experimental test-

ing to investigate coatings and particle deposition are also recommended,

together with design analyses of the disc versus hemispherical configurstious

and mounting and sealing of these configuretions.

Porous Cylinder

The porous cylinder corncept offers improved specific impulse resulting from

higher temperature operation. To realize this potential, further ivvestiga-

tioes are required on porous wall materials including erosion characteristics,

possible surface treatment, and achieving uniform porosity. Design analysis

is also recommended on methods for incorporating the porous cylinder, and on

the hydrogen feed and flow dynamics.

Roating Bed

The rotating bed concept also offers improved porformance potential, however,

additional technology work is required to investigate drive methods, including

feasibility of the drive approach and high-teaperat'ure bearing operation.

.'t-A Investigation is also recommended on the rotating bed operation, including

* flow and particle uniformity, particle charging mechanism, start sequence fea-

sibility and speed control.

-A.erowidow

The aerowindow concapt removes limitations due to window cooling and has

potential application to extroeraly high propellant temperatures. To realize

this potential, investigations into design and operation are recoumended,

including aerowindow leakage aad diffuser aperation. The secondary mirror

design and coating also needs further investigation.
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INITIAL TEST RICONNEmATIONS

To reduce the uncertainties and increase the probability of success during the

initial testing, several reco endations are highlighted below. Additional

test recomendations are presented in the System Safety Analysis of Phase IV.

Window

A pretest durablity check of the window is recommended. The window would be
1 exposed t.- the concentrator solar radiation without being installed into the

vacuum chamber assembly. The window would be inspected after the exposure for

signs of cracking or opaqueness.

Test Series

Conduct the initial tests starting with approximately five times the design

flowrate and decrease to design value on subsequent tests. The data and hard-

_ •ware would be inspected after each test.
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APPEMDIX A

WINDOWLESS ABSORBER/THRUSTER EFFICIENCY CALCULATIOUAL MEMOD

A The cavity absorber efficiency relationship for the windowless absorber/

thruster %as derived based on an extension of the work of Kreith (Ref. 5) and
Stephens and Haire (Ref. 6). The cavity absorber efficiency was defined as:

Q 8 (/Qr , + Q r )

"1ICavity a Q . (A-1)

Absorber

-4.• where

Qs = the solar radiation absorbed by the cavity and working fluid

Q = the energy lost through reradiation through the opening
- .'Qr

Q r = the energy lost from the cavity external surface

SQ = the incoming solar energy

The complete energy transfer mechanism is illustrated in Fig. A-1. Continuing

with equation:

1 F 3.9860465 x 10 1 2  4
Cavity 1--(l•2)(1-e L C 1,• Absorbe

(A-2)
•: " e~~wTw4 1_1-12 )(1-e

F haeirviw aco
:i••. a1 shape or view factor
* 12

e = cavity internal surface emissivity

8 2 = cavity opening emissivity

6 w, = cavity external surface emissitivity
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ENERGY LOST THROUGH
RADIATION FROM
EXTERNAL. SURFACES

Qf2 ENERGY RE-AADIATED

THROUGH CAVITY OPENING

-p.l

ABSORBED. INCOMING

asSOAS~ ENERGY, G

CAVITY ABSORBER

Figure A-1. Windowless Heat Exchanger Cavity
- Absorber Performance Parameters

C = concentration ratio of energy entering cavity absorber

A2 /A1  = ratio of cavity opening area to internal area

T cavity absorber internal surface temperature, R

" T cavity absorber external surface -emperature, R

For the heat exchanger-type cavity, e• is equal to 1.0. For the degenerate

case of flat disk, the above expression becomes:

3.9860465 x 10-1 [ 12 .w4 A3•Flat e1 - C + e1 w (A-31_-w•w]
Disk
Absorber

Equation (A-2) it applicable to analyzing to any shape absorber since the

respective cavity view factor is the parameter which describes the absorber

shape. The cavity view factors for the various aboarber configurations ana-

lyzed were obtained from Fig. A-2 or analytically derived.
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Figure A-2. Cavity to Opening Shape Factors
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- For the open-ended cylinder, the cavity view factor is given by the analy-

tically derived relationship:

F1 , + - (A-4)
*12 2

where

R = radius of the cylinder

L = length of the cylinder
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APPENDIX B

DRLIVRE.D SPECIFIC IMPULSE AND THRJS T ANALYSIS METHOD

In determining the delivered performance of the windowless absorber/thruster,

the hydrogen flowrate, thruster throat radius, delivered specific impulse and

thrust were computed using the following relationships:

'ýN Hydroxen Flowrate:

Q abso~rber

AH
2 -H

Thruster Throat Radius:

='•""2C* 
i "2 (Assuming two absorbers

vg with one thruster)

Delivered Specific Impulse:

Simplified JAhNAF procdure

Thrust:

2

Wbaere

h hydrogen mass flw•wate

" absorbed - heat absorbed by absorber

AN enthalphy difference from inlet to final H2

"2 temperature

273



*t thruster throat radius
/t

C* = theoretical characteristic velocity

Pc = thruster chamber pressure

S= gravitational constant

I = Delivered specific impulses

F = thrust

•. 274



~.: APPRNDIX- C

VACUUM CHAMBER WINDOW SPECIFICATIONS

,1

"Specifications for the quartz vacuum chamber window and the IR coating were

prepared as shown in Table C-1 and C-2. A potential supplier for the quartz

window was Corning Glass Works. The potential suppliers of the IR coating

were:

Optical Coating Laboratory Inc. (OCLI), Santa Rosa, CA

Liberty Mirror, Brackenridge, PA

Midwest Coating Research Corporation, Chicago. IL

DYN, Optics.

In addition to meeting the window and coating specifications, the window

*• assembly should be tested for high temperature durability prior to installa-

tion on the absorber/thruster. Window structural failure during the testing

of the absorber/thruster could result in absorbar overheating unless a vacuum

chamber purge and a solar radiation shutter can be implemented quickly. The

recomended window test was to focus the solar radiation onto the window

assembly without the absorber/thruster assembly.

5
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TABLE C-i. VACUUM CHAMBER WINDOW SPECIFICATIONS-,

MATERIAL: FUSED SILICA (QUARTZ)

DIMENSIONS: 30.48 CM (12-INCH) DIAMETER
1.905 CM (0.75-INCH) THICKNESS

INCLUSIONS: MAXIMUM NUMBER/CU CM - 0.061 (1/CU IN.)
M.AXIMUM AVERAGE NUMBER/CU CM - 0.0122 (0.2/CU IN.)
MAXIMUM MEAN DIAMETER - 0.0203 CM (0.008 IN.)

*AY'ER COG.,ENT: 0.1%

SUFACES: GROUND AND POLISHED
rLATNESS WITHIN 0.0127 CH (0.0,05 IN.)

-: . OTICAL PROPERTIES:

SPECTRAL TRANSMISSIVITY: -X. MICRONS MINIMUM TRANSMISSIVITY

0.16 - 0.113 0.35
0.18 - 0.20 0.82
0.20 - 0.24 0.90
0.24 - 2.2 0.92
2.2 - 2.25 0.60
2.25 - 2.30 0.72
2.3 - 2.75 0.40
2.15 - 3.. 0.40
3.2 - 3.4 0.75

SPECT•AL EMISSIVITY: X. MICRS P.AXIKIJA CSSIVITY

0 0.01
2 - 2.5 0.54

-. 5 - 3.5 0.75
S3.5 - 7.3 0.91

•"',•7.s - •0 0,'•90
0-.0 - 6.8 0.60

- 9.0 0.42
9.0 - lp.0 0.65

10 - 14 0.92
14 - 19 0.97
19 - 20.5 01

20.5 -21.0 0.60
1- 3 0.67

-23 -3 0.74

THERMAL PKOPEkTIES: THERMAL OOUCTIV1TY 0.0044 CAL Ch/C!• SEC C AT 450 C
GOOD THERIMAL SHOCK RETL•CE

l.•iWiM OKPtATING TEMPERATURE - 867 K (1100 F)
a FOR THE BOVE 6PTICAL

PRZOPERToL-S 00 AN 85%
REFLEC71VITY COATIKG.
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TABLE C-2. VACUUM CHAMBER WINDOW IR COATING SPECIFICATIONS

COATING MATERIAL: INDIUM TIN OXIDE (ITO) OR ANOTHER COATING
MATERIAL THAT CAN MEET THE OPTICAL AND THERMAL
REQUIREMENTS.

OPTICAL PROPERTIES:

-. 0.2 TO 2 MICRONS: HIGH TRANSNISSIVITY

..X MICRONS MINIMUM VALUE

0.16 - 0.18 0.35
0.18 - 0.20 0.82
0.20 - 0.24 0.9g
0.24 - 2.0 092

"BEYOND 2 MICRONS: REFLECTIVIYY 85%

MAXIMUM GPERATING TEMPERATURE: 867 X (1100 F) FOR THE ABOVE OPTICAL
PROPERTI ES

2.

•! •'2'.



APPENDIX D

THERM• OUPLE ERROR

Thermocouples to be installed on the absorber/thruster assembly will provide a

real time monitoring of test conditions and one of the parameters needed to

evaluate the actual performance of the device. Therefore, errors in these

measurements, in particular the thermocouples measuring the high temperatures

on the thruster and near the absorber exit, are extremely important. These

thermocouple errors can be the result of local radiation heat loss and conduc-

tion alone the thermocouple wires. The tendency will be for the theraocouple

to read lover than '~he actual value.

For the high temieratuza lei'els being measured, tbe thermocouples to be used

will be tungsten-tungsten 20 percent rhenium. An installation sketch of tUe

thruster thermocouple is shown in Fig. D-1. The therzocouple will be tackd.-

to the thruster wvll and the wires piaced adjacent to the thruster to Elninize

the temperature gradient along the wires (heat lost). Since the temperature

is being measured within a vacuum chamber, the beat transfer modes to be

cons'dered in eveluating the orror are 7ediation and conduction.

To evaluate the heat loss from the thermocouple, a radiation and conduction

beat balance wau sot up for the portion of the thermocouple within the

thruster rediet.on heat shield. The thermocouple temperature error is repre-

sented by the equation:

.1 T T~4
L 2 . 32

~where#

L - wire length within the radiation sheild

k - thermal conductivity

A £ area
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• ~ Subscript

1 a thruster wall

2 a tungsten wire

3 a tungsten - 20% rhenium wire

4 = thruster radiation shield

T'2 a wire-end temperature

r 2 a average wire temperature
32

As shown in Fig. D-2, the temperature error due to radiation aud conduction

Lvitkin the thruster radiation heat shield is dependent on the temperature dif-

feorence between the thruster wall and the thruster radiation sheild. As this

difference decreases, the thermocouple error decreases. Typically, thLi. error

would be approximately 2.8 K (5 1).

The heat conduction along the remainder of the thermocouple wire was calcu-

"'0• lated for 38.1 cm (15 inches) of wire with a 1667 K (3000 F) temperature dif-

ferential. A thermocouple error of 3.3 K (6 F) resulted.

The radiation beat loss within the cavity outside the thruster radiation heat

shield was assumed negli•ible duo to the near isothermal environment.

Therefore, the thruster wall thermocouple temperature error would be less than

11.1 K (20 F) at the design absorber/thruster conditions which should not pre-

" sented a problem. This result would also be a representative value for the

therocouple# near the absorber exit.
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Figure D-1. Ta.rature Distribution at the gad Enclosurt Cavity

280



* M

bll

•6,

* 0

04

AO

* II

• [i--

281/282

IIU
,m...



1. APSPL TR-79-79, "Solar Rocket System Concept Analysis," Final Technical

Report, November 1979.

2. CPIA Publication 246, JANNAF Rocket Engine Performance Prediction and

Evaluation Manual, April 1975.

3. Chemical 3nzinsering Proxrsq, Vol. 48, p. 98, 1962.

4. Davidson, J.F. and D. Harrison: Fjuiftzatlon, Academic Press, 1971, p. 34.

5. Kreith, F.: Radiation.Heat TraMsfer for Svacecraft and Solar Power Plant

Dehign, international Textbook Company (1962).

6. Stephens, C. W., and A. M. Haire: "Interual Design Considerations for

Cavity Type Solar Absorbers," Journal of Americean Rocket Society, 31,

896-.•l (1961).

"4.
2.8

• 283/284


